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ABSTRACT 
An updated small-strain shear wave velocity (VS) model of near-surface sediments 
is constructed using measurements from over 90 investigation sites in the greater 
Charleston area.  The VS model is updated from the model originally developed by Zhang.  
It is constructed by separating the VS measurements into six major geologic units.  The 
six units are:  1) man-made fills, 2) Holocene and late Pleistocene deposits, 3) the Wando 
Formation, 4) the Ten Mile Hill beds, 5) the Penholoway Formation and the Daniel Island 
beds, and 6) Tertiary deposits.  Median VS values for these units in the top 25 m are 145 
m/s, 111 m/s, 189 m/s, 176 m/s, 285 m/s and 399 m/s, respectively.  For Tertiary deposits 
in the depth intervals of 25-55 m, 55-75 m and 75-100 m, median VS values are 435 m/s, 
533 m/s and 663 m/s, respectively.  These results generally show VS increasing with 
geologic age. 
Using information from many of the VS sites and subsurface information from 
over 200 other sites, a thickness contour map of the Quaternary deposits beneath the 
Charleston peninsula is also constructed.  The thickness of the Quaternary deposits 
ranges from 6 m to over 24 m, with the thickest sections coinciding with paleochannels 
incised into the top of the Tertiary sediments.   
Based on simple procedures, estimated values of the fundamental ground 
periods for the Quaternary deposits range from 0.2 s to 0.7 s.  The highest values of 
ground periods occur adjacent to the rivers in the soft Holocene fine-grained deposits.  
The lowest values of ground periods occur in the stiffer Wando Formation deposits and 
where the depth to Marl is shallow.   
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At the time of the 1886 Charleston earthquake building heights ranged from 2.4 m 
to 22.9 m.  Assuming this range of building heights, the estimated range of fundamental 
building periods is 0.09 s to 0.51 s.  Because overlap exists in the building and ground 
period ranges, a greater percentage of taller buildings (say heights > 11 m) should have 
suffered more damage than shorter buildings in 1886.  This conclusion is supported by 
the damage statistics summarized by Marciano and Elton, and the spatial distribution of 
damage intensity mapped by Robinson and Talwani. 
A parametric study is conducted to evaluate the influence that VS and thickness of 
Quaternary deposits display on seismic site response.  The results of the site response 
analysis indicates the first amplitude ratio peak occurs at 0.25 Hz – 0.26 Hz, based on 
both equivalent linear and nonlinear time domain formulations of the site response 
computer program DEEPSOIL.  The results also indicate that the fundamental periods of 
the Quaternary deposits estimated by simple procedures are 0 % to 100 % lower than 
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On August 31, 1886, the Charleston, South Carolina earthquake (moment 
magnitude, Mw ≈ 7.3) occurred, causing 124 deaths (Côté 2006) and an estimated $23 
million (1886 dollars; or about $460 million 2006 dollars) in damage.  Shaking was felt 
as far north as Boston, Massachusetts; south to Havanna, Cuba; east to Bermuda; and 
west to Iowa City, Iowa.  In Charleston, there was not a building that was made of brick 
that did not at least have a crack (Dutton 1889).  Fortunately, the earthquake occurred at a 
time when conditions favored a lower death toll and a lower damage loss.  It occurred at 
9:51 pm when many people were off the streets, in their homes, and away from the 
falling debris outside.  Also, there was little or no wind to fan the many fires that started 
on the night of August 31. 
Based on paleoliquefaction studies conducted during the past 20 years (e.g., 
Obermeier et al. 1985; Talwani and Cox 1985, Amick and Gelinas 1991), Talwani and 
Schaeffer (2001) estimate a recurrence rate between 500 and 600 years for magnitude 7+  
earthquakes for areas near Charleston.  They also estimate a rate of about 2000 years for 
magnitude 6.0 events near Georgetown and Bluffton, South Carolina.  These recurrence 
rates make Charleston the most seismically active region in the eastern United States.   
During the past 120 years the population in the greater Charleston area has 
increased about eight fold, to around 569,000 people (Côté 2006).  Thus, casualty and 
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economic losses are expected to be much greater in a future repeat of the 1886 
earthquake.  Wong et al. (2005) estimate that the death toll could be as high as 900, more 
than 44,000 injuries, and the total economic loss could be as much as $20 billion in South 
Carolina alone.   
Several studies have identified small-strain shear-wave velocity (VS) of the 
subsurface soil/rock profile as a primary factor controlling level of earthquake ground 
shaking (e.g. Seed et al. 1976; Idriss 1990; Borcherdt 1994; Boore et al. 1994; Joyner et 
al. 1994; and Midroikawa et al. 1994).  Seed et al. (1976), and many others, observed 
distinct differences in response spectral shapes of sites with different soil/rock profiles.  
The differences in spectral shapes result from vertical variations in soil material 
properties and strongly depend on VS of the near-surface deposits.  The significant effect 
of VS on ground motion has lead to a new site classification system and a new set of 
coefficients used in recent building seismic code provisions (Dobry et al. 2000).   
Because VS is an important engineering property for earthquake ground shaking 
prediction, several efforts to compile VS measurements and other geotechnical 
information from sites in the greater Charleston area have been initiated in recent years 
(e.g., Silva et al. 2003; Andrus et al. 2003; Zhang 2004; Zhang et al. 2004; Fairbanks et 
al. 2004; Chapman et al. 2006, Mohanan et al. 2006).  The conference paper by Zhang et 
al. (2004) presents composite plots of 87 VS profiles from the Charleston area and 
characterizes average VS in the top 30 m for four major surficial geology groups.  The 
data report by Fairbanks et al. (2004) provides electronic files of VS and Cone Penetration 
Test (CPT) measurements from 110 investigation sites in the 1:24,000 Charleston 
quadrangle.  The data report by Mohanan et al. (2006) provides electronic files of VS 
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measurements at 226 sites in the greater Charleston area, including the sites considered 
by Zhang et al. (2004) and Fairbanks et al. (2004).   
 
1.2 Objectives of Research 
The objectives of this research, which was sponsored by the United States 
Geological Survey, are to 1) summarize existing VS properties from various published 
and unpublished sources; 2) characterize VS of near-surface soils in the 1:24,000 
Charleston quadrangle; 3) develop a three-dimensional VS model of Quaternary deposits 
beneath the Charleston peninsula; 4) use simple procedures to predict dynamic ground 
and building periods; and 5) use the three-dimensional model to evaluate the influence of 
soil stiffness and thickness on the building damage in 1886.   
To accomplish the fifth objective, previous studies examining the factors that 
contributed to building damage during the 1886 earthquake are critically reviewed.  
These factors include type of building construction, height of structure, type of ground, 
and thickness of Quaternary deposits.  In addition, a site response parametric study is 
conducted using the equivalent linear and non-linear formulation options of a one-
dimensional ground shaking computer modeling program.  The results of the site 
response study are used to evaluate the accuracy of simple procedures for estimating 






1.3 Organization of Dissertation
Following the introduction, VS and CPT profiles compiled from the Charleston 
1:24,000 quadrangle are described and summarized in Chapter 2.  Average shear-wave 
velocities in the upper 30 m, VS30, are calculated for many of the profiles. 
 The statistical distributions for the VS30 values are characterized and grouped by 
surficial geology in Chapter 3.   
 The compiled VS profiles are broken down and separated based on subsurface 
geology in Chapter 4 to characterize the properties of six major geologic units.  The six 
geologic units are: 1) Artificial fill and Phosphate spoils; 2) Holocene and Holocene-
Pleistocene deposits; 3) the Wando Formation; 4) the Ten Mile beds; 5) the Penholoway 
Formation and Daniel Island beds; and 6) Tertiary deposits.  For each of the six geologic 
units, the VS data are statistically studied and characteristic values are determined. 
 In Chapter 5, a three-dimensional model of Quaternary deposits beneath the 
Charleston peninsula is presented.  Information from 266 test locations is utilized to 
construct the model.  The model is expressed in terms of an elevation (or structure) 
contour map and a thickness (or isopach) map.   
In Chapter 6, previous studies examining factors contributing to building damage 
are critically reviewed.  Key contributing factors are then combined to estimate dynamic 
fundamental periods for the Quaternary deposits and the buildings using simple 
procedures.  The estimates of dynamic periods are then plotted and compared spatially.   
In Chapter 7, the results of the site response parametric study conducted using 
both the equivalent linear and non-linear formulations of the one-dimensional site 
response analysis program are presented.  The results based on both formulations are 
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compared.  Also compared are approximate dynamic ground periods computed using 
simple procedures described in Chapter 6. 
A summary of the study is presented in Chapter 8.  Some issues that remain to be 
resolved are also identified. 
CHAPTER TWO 
SHEAR-WAVE VELOCITY AND CONE PENETRATION TEST DATABASE*
 
2.1  Introduction 
 Because shear-wave velocity and penetration resistance are key information for 
predicting ground shaking and liquefaction, efforts are underway to compile these 
measurements and other subsurface data from all areas in South Carolina (e.g., URS et al. 
2001; Chapman et al. 2003; Andrus et al. 2003; Zhang 2004, Zhang et al. 2004).  The 
purpose of this chapter is to summarize shear-wave velocity (VS) and Cone Penetration 
Test (CPT) measurements from 110 investigation sites in the 1:24,000 Charleston 
quadrangle cataloged by Fairbanks et al. (2004). 
Shown in Figure 2.1 are the locations of the 110 investigation sites plotted on the 
geologic map of Weems et al. (1997).  Of the 110 investigation sites, 60 are sites where 
VS measurements were conducted, including 54 sites tested by the seismic CPT method.     
The other 50 investigation sites are non-seismic CPT sites where no VS measurements 
were conducted.  Of the 60 VS sites, measurements at about 40 of the VS sites were 
initially compiled by Zhang (2004) and Zhang et al. (2004).  Summaries for the VS and 
non-seismic CPT measurements are provided in Tables 2.1 and 2.2, respectively.  The 
information in the tables include the Clemson University designated site code, the 
                                                 
* A similar form of the chapter was presented in a data report (Fairbanks, C. D., R. D. Andrus, J. Zhang, W. 
M. Camp, T. J. Casey, and T. J. Clearly.  Electronic files of shear-wave velocity and cone penetration test 
measurements from the Charleston quadrangle, South Carolina, data report to the U.S. Geological Survey, 
USGS Award Number 03HQGR0046, Civil Engineering Dept., Clemson University, Clemson, SC. 
September 2004). 
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latitude and longitude coordinates, the surficial geology, the maximum test depth, the 
groundwater table depth, the type of test, and the source of the test data. 
 
2.2  Site Code 
The Clemson University designated site code begins with one or more letters that 
represent the organization performing the test:  C = Cone Tec; GRG = Gregg In Situ, 
Inc.; GIT = Georgia Institute of Technology; USG = U.S. Geological Survey; RDP = Red 
Path Geophysics; S = S&ME, Inc.; W = WPC, Inc.; and A = Applied Research 
Associates, Inc.  The first two numbers following the test organization letters represent 
the year the test was conducted.  The remaining numbers and letters represent the project 
number and the test site designation.  For example, the site code W99175-SC1 refers to a 
test made by WPC, Inc. in 1999 for project number 175 at sounding location SC1.   
References to the reports and papers documenting the VS data are given in Table 2.1. 
 
2.3  Longitude and Lattitude 
Values of latitude and longitude for some of the investigation sites were included 
in the respective project reports.  For the other sites, latitude and longitude were 
approximated based on project location descriptions and addresses.  Using a handheld 
GPS device (Garmin, GPS V), the address of a specific test site was entered as input 
information to obtain approximate latitude/longitude coordinates.  Greater accuracy of 




The accuracy of the latitude and longitude values is reflected in the significant 
digits that are shown in Table 2.1.  Latitude and longitude values with 7 significant digits 
are within about 10 m accuracy of the reported location.   Fifty-one of the VS test sites 
were located with this accuracy.  Five of the test sites were located within an accuracy of 
about 100 m.  The last of the four test sites could only be located within an accuracy of 
about 1000 m due to insufficient information in the project report given.  Although great 
care was exercised in determining the latitude and longitude values from given project 
location descriptions and addresses, it is possible that the accuracy is not as good as 
indicated in the table for some of the test sites. 
 
2.4  Elevation 
Elevation information was given for 28 of the investigation sites. Fifteen of the 
elevations were estimated using digital elevations maps available at South Carolina 
Department of Natural Resources and GoogleEarth.  No elevation information is 
currently available for the other 68 sites, because it is not given in the project reports and 
the values determined by the GPS device are considered not sufficiently accurate to be 
useful.  For the 43 sites, elevations range from 0 m to 9 m above the mean sea level.  
Thirty-eight of the 43 sites have ground surface elevations of 5 m or less. 
 
2.5  Surficial Geology 
Surficial deposits mapped by Weems and Lemon (1985) and Weems et al. (1997) 
include various deposits of recent man-made fill and Holocene to Pleistocene natural 
sediments.   Recent fills shown on the map in Figure 2.1 are designated as artificial fill 
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(af).  These deposits are less than 300 years old and include sands or clayey sands of 
diverse origin, ranging from road fill to other construction fill to non-engineered fill.   
Holocene-age (<10,000 years or < 10 ka) deposits include alluvium sands (Qal), 
beach to barrier-island sands (Qhs), and tidal-marsh clayey sands and clays (Qht).   Early 
Holocene to late Pleistocene deposits include estuarine silty to sandy clays (Qhec), which 
range in age from 6 ka to 85 ka.   
Pleistocene deposits include beach to barrier-island sands (Qhes), which range in 
age from 33 ka to 85 ka.  Older Pleistocene deposits exposed in the quadrangle include 
the Wando Formation, which is about 70 ka to 130 ka in age.  Weems et al. (1997) 
mapped three facies of the Wando Formation in the Charleston quadrangle.  The three 
facies are:  a clayey sand and clay facies deposited in fluvial to estuarine environments 
(Qwc), and two barrier sand facies (Qws, Qwls).  
 
2.6  Shear-Wave Velocity 
The electronic files for all 60 VS investigation sites are contained in the report by 
Fairbanks et al. (2004).  Of the 60 VS test sites, 33 are in af, 3 in Qht, 1 in Qhec, 4 in 
Qhes, 1 in Qwc, and 15 in Qws surficial deposits.  There are currently no VS test sites in 
the Qal and Qwls surficial deposits. 
Fifty-four of the VS profiles were determined by the seismic CPT with pore-water 
pressure measurements (SCPTu).  Of the other 6 VS profiles, 1 was determined by the 
Spectral Analysis-of-Surface-Waves (SASW) test, 2 by the Seismic 
Refraction/Reflection (SRR) test, 1 by the seismic downhole (DH) test, and 2 by the 
suspension logger (SL) test.   
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Values of VS reported by the testing organization are entered directly into the 
database and assigned to the depths corresponding to the center of the measurement 
intervals.  The maximum measurement depths for the VS tests ranged from 9 m to 107 m.  
Twenty-six of the 60 VS profiles extend to depths of 30 m or greater.   
The values of average shear-wave velocity in the upper 30 m, VS30, listed in Table 


















30                                                      (2.1) 
 
where di is the thickness of the ith layer between the depths of 0 m and 30 m, Vsi is the 
shear wave velocity of that layer, and thicknesses of the n layers sum up to 30 m.  
Equation 2.1 provides an average that favors the lower Vs layers.  It is calculated in this 
manner to classify a soft soil layer on rock as a soft soil site, even when the depth to rock 
is less than 30 m (Dobry et al. 2000). 
To ensure accurate VS30 values, they are calculated for only profiles extending to 
depths ≥ 18 m.  Of the 60 VS profiles, 44 extend to depths ≥ 18 m.  For VS profiles not 
extending to 30 m, the velocity between the maximum measured depth and 30 m is 
assumed equal to the average of the three deepest VS measurements at the site.  This 
assumption seems appropriate for Charleston where most VS profiles extend into the thick 
Ashley Formation, with values of VS that are fairly constant with depth.  The VS profiles 
are analyzed and discussed in chapters 3 and 4. 
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2.7  Cone Penetration Test 
The electronic files for all 50 non-seismic CPT sites and 40 of the 54 seismic CPT 
sites are contained in the report by Fairbanks et al. (2004).  The CPT measurements 
contained in the electronic files: are the uncorrected cone tip resistance, qc; the 
uncorrected sleeve friction, fs; the pore-water pressure made at the u2 position, u; and the 
pore-water pressure-corrected cone tip resistance, qt.  Of the 50 non-seismic CPTs listed 
in Table 2, 21 are located in af, 6 in Qht, 1 in Qhec, 6 in Qhes, 2 in Qwc, and 15 in Qws 
surficial deposits.  There are currently no CPT sites in the Qal and Qwls surficial 
deposits. 
The maximum measurement depths for the compiled non-seismic CPTs range 
from 10 m to 28 m.  However, it should be noted that for the smaller projects only the 
deepest CPT sounding is included in this database.  Although other CPTs may have also 
been conducted at the smaller project sites, they are not included due to the need to focus 
on broad coverage of the Charleston quadrangle.   
 
2.8  Groundwater Table 
 Groundwater table depths for 103 of the 110 investigation sites are given in the 
project reports.  For the 7 other investigation sites, no attempt is made in this report to 
estimate the depth to groundwater table from the cone pore-water pressure measurements.  
The groundwater table depths range from 0 m to 5.27 m.  About 90 % of the 103 sites 




2.9  SUMMARY 
The electronic files for 60 VS profiles and 90 CPT profiles determined at locations 
within the 1:24,000 Charleston quadrangle are cataloged in the report by Fairbanks et al. 
(2004)  presented and summarized in this chapter.  Also presented is available 
information about latitude and longitude coordinates, surficial geology, maximum test 
depth, groundwater table depth, test type, and source information for each profile.  
Several of the profile locations lie within the af and Qws surficial deposits.  Fewer profile 
locations lie within the Qht, Qhec, Qhes, and Qwc surficial deposits.  No profiles are 
currently available for the Qal and Qwls surficial deposits. 
The compiling of these test data represents an initial step in the development of 
seismic hazard maps of the Charleston quadrangle at a scale useful for planners and 
engineers.  These electronic files were made available in the report by Fairbanks et al. 
(2004) to assist other researchers also working to identify and reduce seismic hazards in 
the Charleston area.   
 
  
Site               
Code Latitude Longitude Elevation
Surficial 
Geology VS30
Test    
Typeb








(degree) (degree) (m) (m/s) (m) (m)
C98706-C4 32.80668 -79.94849 3.72 Qws 235 SCPTu No
c 42 2.51 PBd
C98706-C8 32.80399 -79.94583 1.58 Qhes 182 SCPTu No 42 0.9 PB
d
C98706-C10 32.80631 -79.94617 3.29 af 257 SCPTu No 42 1.74 PB
d
C98706-C12 32.79814 -79.94266 3.0e Qws 239 SCPTu No 43 N/A PB
d
C98706-C15 32.80449 -79.93976 1.89 af 126 SCPTu No 54 1.37 PB
d
C98706-C21 32.80469 -79.92679 8.75 af 145 SCPTu No 42 2.46 PB
d
C98706-C23 32.80459 -79.92284 0.26 af 159 SCPTu No 25 0.52 PB
d
C98706-C25 32.8022 -79.9108 N/Aa water N/A SCPTu No 43 N/A PB
d
C98706-C27 32.80209 -79.90399 1.3 af 227 SCPTu No 53 2.29 PB
d
C98706-C31 32.80217 -79.89994 3.35 Qht 233 SCPTu No 53 1.07 PB
d
C98706-C77 32.82944 -79.92507 N/A Qht 109 SCPTu No 32 N/A PB
d
C98706-C78 32.83291 -79.92644 N/A Qht 204 SCPTu No 30 N/A PB
d
GRG 2-CPT2 32.787 -79.928 N/A af N/A SCPTu No 9 3.05 WPC
d
GIT 10-GTR5 32.8127 -79.8778 5 Qws N/A SASW No 15 0.91 Rixd
USG 6 32.798 -79.958 4.0e Qws 248 SRR No 80 N/A Odumd
USG 7 32.785 -79.955 N/A af 182 SRR No 30 N/A Odumd
RDP 2-DS1 32.8017 -79.90149 3 af 209 DH No 107 0.15 S&MEd
S99634-DS1 32.8017 -79.90149 3 af 223 SCPTu Yes 34 0.3 S&ME
d





Site               
Code Latitude Longitude Elevation
Surficial 
Geology VS30
Test    
Typeb








(degree) (degree) (m) (m/s) (m) (m)
S99634-MPE5 32.80131 -79.89953 2 af 238 SCPTu Yes 18 0.46 S&ME
d
S99634-C27 32.8016 -79.90392 4 af 222 SCPTu Yes 27 1.22 S&ME
d
S99876-CHS4 32.80911 -79.94987 4 Qws 255 SCPTu Yes 39 1.52 S&ME
d
S99876-CHS20 32.79852 -79.94434 4 af 235 SCPTu Yes 40 2.29 S&ME
d
S99876-CHS24 32.80401 -79.94494 2 af 214 SCPTu Yes 46 0.91 S&ME
d
S99876-CHS26 32.80288 -79.94395 1 af 108 SCPTu Yes 37 0.61 S&ME
d
S99876-MP2 32.80316 -79.91778 0 water N/A SL No 88 0 S&ME
d
S99876-MP5 32.8028 -79.91265 0 water N/A SL No 89 0 S&ME
d
S99876-ML15 32.80447 -79.9292 1 af N/A SCPTu Yes 15 0.61 S&ME
d
S99876-ML16 32.80482 -79.92846 8 af 140 SCPTu Yes 22 3.51 S&ME
d
S99876-ML18 32.80444 -79.92665 9 af 144 SCPTu Yes 21 5.27 S&ME
d
S99876-ML22 32.80417 -79.92551 1 af 122 SCPTu Yes 21 0.15 S&ME
d
S99876-ML24 32.80388 -79.92422 1 af N/A SCPTu Yes 15 0.61 S&ME
d
S01039-B4 32.7622 -79.97303 N/A Qws 243 SCPTu Yes 22 1.98 S&ME
d
S01049-F1 32.84405 -79.91489 N/A af 286 SCPTu Yes 23 0.91 S&ME
d
S01317-B2 32.8 -79.96 3.4e Qws 299 SCPTu Yes 23 2.13 S&ME
d
S01369-A5 32.784 -79.949 2.1e af 171 SCPTu Yes 24 3.05 S&ME
d
S01369-B2 32.784 -79.949 2.1e af 171 SCPTu Yes 24 3.05 S&ME
d
Table 2.1  Summary of V S  Profiles from the 1:24,000 Charleston Quadrangle (Continued).
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Site               
Code Latitude Longitude Elevation
Surficial 
Geology V S30
Test    
Typeb








 (degree) (degree) (m) (m/s) (m) (m)
S01420-S1 32.79 -79.96 1.5e af 137 SCPTu Yes 23 1.22 S&ME
d
S01772-CPT3 32.81 -79.9 N/A Qhes 303 SCPTu Yes 25 1.83 S&ME
d
S02105-B2 32.78826 -79.926076 2.7e af 141 SCPTu Yes 19 1.22 S&ME
d
S02354-B4 32.78526 -79.94564 2.7e af 181 SCPTu Yes 30 1.37 S&ME
d
S02457-B2 32.78305 -79.93475 3.7e Qws 179 SCPTu Yes 22 1.52 S&ME
d
S02578-B1 32.78392 -79.94292 2.7e Qhes 219 SCPTu Yes 30 N/A S&ME
d
S03462-S1 32.78582 -79.93626 3.4e Qws 213 SCPTu Yes 30 0.91 S&ME
d
W99175-SCPT1 32.7897 -79.9271 6 af 138 SCPTu Yes 38 1.01 WPCd
W00363-SCPT1 32.7798 -79.9336 7 Qws 223 SCPTu Yes 19 2.29 WPCd
W01343-SCPT1 32.80809 -79.94247 5 af 178 SCPTu Yes 22 2.74 WPCd
W01352-SC1 32.78444 -79.9557 0 af 205 SCPTu Yes 20 1.1 WPCd
W02092-SCPTu1 32.80153 -79.93771 1.5e af 129 SCPTu Yes 18 1.5 WPCd
W02100-SCPTu1 32.80445 -79.95087 3.4e Qws 219 SCPTu Yes 18 2.5 WPCd
W02120-SC1 32.87227 -79.90811 N/A Qhec N/A SCPTu Yes 11 1.3 WPCd
W02233-SC2 32.84405 -79.91467 N/A af N/A SCPTu No 15 2.5 WPCd
W02234-SC1 32.84405 -79.91445 N/A af N/A SCPTu Yes 14 2.5 WPCd
W02288-SC2 32.78885 -79.94272 2.7e Qhes N/A SCPTu Yes 17 2.3 WPCd
W03058-SC6 32.8646 -79.9002 N/A Qwc N/A SCPTu Yes 13 1.7 WPCd




Site               
Code Latitude Longitude Elevation
Surficial 
Geology VS30
Test    
Typeb








(degree) (degree) (m) (m/s) (m) (m)
W03088-SC1 32.77298 -79.96433 N/A Qws N/A SCPTu Yes 13 0.62 WPCd
W03106-SC1 32.77668 -79.92609 N/A af N/A SCPTu Yes 12 1.68 WPCd
W03114-SC2 32.78555 -79.94553 2.7e af 184 SCPTu Yes 25 1.6 WPCd
W03337-SC1 32.7752 -79.9649 N/A Qws N/A SCPTu Yes 14 1.49 WPCd
W03367-SC1 32.7742 -79.9632 N/A Qws N/A SCPTu Yes 15 1.6 WPCd
W04030-SC1 32.79243 -79.93803 3.4e Qws 272 SCPTu Yes 20 2.5 WPCd
       aN/A = Not available.
       bSCPTu = Seismic CPT with pore-water pressure measurements; SASW = Spectral Analysis of Surface Wave Test;
             SRR  = Seismic Refraction/Reflection Test; DH = Downhole Test; SL = Suspension Logger
       cNo = CPT electronic file is not available, Yes = CPT electronic file is available in data report by Fairbanks et al. (2004)
         dPB = Parsons Brinkerhoff (1999); WPC = WPC (1999-2004); Odum =  Odum et al. (2002); Rix = Rix and Indridason (1994);
           S&ME = S&ME (1999 - 2003)
 eSurface elevation estimated my South Carolina Department of Natural Resources surface and digital elevation maps and GoogleEarth.








Site             
Code Latitude Longitude Elevation
Surficial 
Geology
Test    
Typeb








(degree) (degree) (m) (m) (m)
S00164-B2 32.8328 -79.8887 N/Aa Qws CPTu Yes
c 18 2.6 S&MEd
S00217-B4 32.8023 -79.9507 N/A Qws CPTu Yes 21 1.5 S&ME
d
S00219-B1 32.7845 -79.9499 N/A af CPTu Yes 26 1.2 S&ME
d
S00340-B2 32.81 -79.8793 N/A Qws CPTu Yes 16 1.7 S&ME
d
S00707-CPT1 32.7613 -79.9507 N/A af CPTu Yes 16 2.1 S&ME
d
S00746-B1 32.8274 -79.8801 N/A Qht CPTu Yes 15 1.2 S&ME
d
S00749-C16 32.8534 -79.9583 N/A af CPTu Yes 11 1.2 S&ME
d
S00777-B16 32.7914 -79.9064 N/A af CPTu Yes 23 3.4 S&ME
d
S00777-B18 32.7915 -79.9063 N/A af CPTu Yes 24 3.4 S&ME
d
S01018-B1 32.8086 -79.8763 N/A Qws CPTu Yes 24 0.5 S&ME
d
S01033-CPT1 32.7931 -79.9412 N/A Qws CPTu Yes 16 1.8 S&ME
d
S01083-B6 32.7938 -79.9061 N/A af CPTu Yes 23 4.9 S&ME
d
S01083-B8 32.7926 -79.9052 N/A af CPTu Yes 23 4.3 S&ME
d
S01112-C1 32.8152 -79.8888 N/A Qws CPTu Yes 15 1.5 S&ME
d
S01205-B1 32.8622 -79.9676 N/A af CPTu Yes 13 1.5 S&ME
d
S01270-CPT1 32.865 -79.9125 N/A Qwc CPTu Yes 14 1.4 S&ME
d
S01317-B1 32.7973 -79.9623 N/A Qws CPTu Yes 14 2.1 S&ME
d
S01342-B100 32.8606 -79.9126 N/A Qhec CPTu Yes 12 1.8 S&ME
d
Table 2.2  Summary of Non-Seismic CPT Profiles from the 1:24,000 Charleston Quadrangle.  
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Site             
Code Latitude Longitude Elevation
Surficial 
Geology
Test    
Typeb








(degree) (degree) (m) (m) (m)
S01355-B-2A 32.7867 -79.9394 N/A Qws CPTu Yes 26 2.4 S&ME
d
S01357-B2 32.7905 -79.9549 N/A af CPTu Yes 21 1.1 S&ME
d
S01402-S1 32.7861 -79.9365 N/A Qws CPTu Yes 24 1.8 S&ME
d
S01433-B1 32.8554 -79.9085 N/A Qht CPTu Yes 12 1.1 S&ME
d
S01434-B1 32.8542 -79.9075 N/A Qht CPTu Yes 12 1.4 S&MEd
S01474-B500 32.7756 -79.965 N/A Qws CPTu Yes 15 2.7 S&ME
d
S01474-B200 32.7748 -79.9647 N/A Qws CPTu Yes 15 1.8 S&ME
d
S01517-B1 32.8308 -79.9849 N/A Qht CPTu Yes 12 1.7 S&ME
d
S01579-S1 32.8529 -79.9538 N/A af CPTu Yes 27 1.2 S&ME
d
S01627-S1 32.8015 -79.9439 N/A af CPTu Yes 27 1.2 S&ME
d
S01712-B1 32.7795 -79.9752 N/A Qws CPTu Yes 15 2.4 S&ME
d
S01772-CPT4 32.8038 -79.8977 N/A Qhes CPTu Yes 18 1.7 S&ME
d
S01780-B10 32.8086 -79.879 N/A Qws CPTu Yes 25 1.8 S&ME
d
S01841-SB3 32.8625 -79.9657 N/A af CPTu Yes 18 2.4 S&ME
d
S01841-SB2 32.8564 -79.9577 N/A af CPTu Yes 15 2.4 S&ME
d
S02058-B1 32.7908 -79.9054 N/A af CPTu Yes 24 2 S&ME
d
S02097-DD9 32.8513 -79.9221 N/A Qht CPTu Yes 25 0.6 S&ME
d
S02097-DD14 32.8484 -79.9257 N/A Qht CPTu Yes 21 0.3 S&ME
d
Table 2.2  Summary of Non-Seismic CPT Profiles from the 1:24,000 Charleston Quadrangle (Continued).
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Table 2.2  Summary of Non-Seismic CPT Profiles from the 1:24,000 Charleston Quadrangle (Continued).
Site             
Code Latitude Longitude Elevation
Surficial 
Geology
Test    
Typeb








 (degree) (degree) (m)    (m) (m)  
S02097-DD11 32.8432 -79.936 N/A af CPTu Yes 18 1.2 S&ME
d
S02120-B1 32.7928 -79.875 N/A Qhes CPTu Yes 23 2 S&ME
d
S02371-C1 32.7879 -79.8859 N/A af CPTu Yes 15 2.1 S&MEd
S02457-B1 32.7845 -79.9352 N/A Qws CPTu Yes 25 1.5 S&MEd
S99897-B2 32.8007 -79.9053 N/A af CPTu Yes 26 2.4 S&MEd
S99897-B5 32.8007 -79.9049 N/A af CPTu Yes 26 2.4 S&MEd
W00363-CPT2 32.7997 -79.9337 N/A af CPTu Yes 16 2.3 WPCd
W01059-CPT2 32.8028 -79.9509 N/A Qws CPTu Yes 16 1.7 WPCd
W01082-CPT1 32.7853 -79.9531 N/A af CPTu Yes 19 0.6 WPCd
W01133-CPT1 32.8615 -79.9043 N/A Qwc CPTu Yes 10 2.3 WPCd
W01194-CPT2 32.7718 -79.9352 N/A Qhes CPTu Yes 11 1.2 WPCd
W01194-CPT1 32.7715 -79.9353 N/A Qhes CPTu Yes 24 1.2 WPCd
W01196-CPT1 32.7538 -79.9555 N/A Qhes CPTu Yes 16 1.2 WPCd
W02054-C1 32.7879 -79.9319 N/A Qhes CPTu Yes 27 1.1 WPCd
     aN/A = Not available.
     bCPTu = CPT with pore-water pressure measurements
      cYes = CPT electronic file is available in data report by Fairbanks et al. (2004)
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Figure 2.1  Geologic map of the Charleston quadrangle by Weems et al. (1997) showing    
                   locations of VS and CPT investigation sites. 
CHAPTER THREE 
ANALYSIS OF SHEAR-WAVE VELOCITY MEASUREMENTS 
GROUPED BY SURFICIAL GEOLOGY 
 
3.1  Introduction 
The 60 VS profiles compiled in Chapter 2, plus an additional 47 profiles, from the 
greater Charleston area, are analyzed by surficial geology in this chapter.  This analysis 
expands the work by Zhang et al. (2004) by 20 VS profiles.  In addition, unlike Zhang et 
al. (2004), the VS measurements made at phosphate spoil sites are separated out from the 
artificial fill group and measurements made at Holocene-Pleistocene sites are separated 
out from the Holocene group.  Also, for the first time values of VS30 are plotted on the 
geologic map by Weems et al. (1997). 
The VS profiles are first grouped by surficial geology to develop characteristic 
profiles for the greater Charleston area.  Next, a detailed statistical evaluation of VS30 
values, which followed the same general procedures of Zhang et al. (2004), is presented.  
Using the results of the statistical evaluation characteristic NEHRP site classes are 
determined.  Lastly, the VS30 values are plotted on the geologic map of the Charleston 
peninsula by Weems et al. (1997) and a NEHRP site class map of this area is established.   
 
3.2  Characteristic VS Profiles 
The additional 47 VS profiles are summarized in Table 3.1, and are from outside 
the Charleston quadrangle.  These 47 VS profiles were recently tabulated into electronic 
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files by Mohanan et al. (2006).  They are considered here in this chapter because they 
provide additional data for statistical characteristics.   
The VS profiles can be grouped into six general surficial geology groups:  1) 
Artificial fill; 2) Phosphate spoil; 3) Holocene-age (< 10,000 years) sediment; 4) 
Holocene-Pleistocene sediment (6,000-85,000 years); 5) Wando Formation (80,000-
130,000 years); and 6) Ten Mile Hill beds (200,000 – 240,000 years).   The surficial 
geology breakdown of the 107 VS test locations is as follows:  33 are in artificial fill; 3 in 
phosphate spoil; 7 in Holocene sediment; 8 in Holocene-Pleistocene sediment; 34 in the 
Wando Formation; and 12 in the Ten Mile Hill beds. 
The 107 VS profiles are plotted in Figures 3.1(a)-3.1(f) by surficial geology. 
Plotted in Figure 3.1(a) are the 33 profiles from artificial fill sites.  As described by 
Zhang et al. (2004), they are characterized by a lower VS (generally < 200 m/s) zone at 
the top, a transition zone in the middle, and a higher VS (generally > 300 m/s) zone at the 
bottom.  The top lower VS zone extends to a depth of approximately 13 m.  The middle 
transition zone is a combination of measurements from different geologic units.  The 
bottom zone consists mainly of measurements from the Cooper Group.  Velocity 
measurements in the bottom zone follow a fairly constant vertical trend with depth. 
In Figure 3.1(b), the 3 VS profiles from phosphate spoil sites are plotted.  From the 
limited data available for this surficial unit, values of VS range from 158 m/s to 275 m/s, 
which corresponds to the upper end of VS measurements from artificial fill at the same 
depth. 
In Figure 3.1(c), the 3 VS profiles from Holocene sites are plotted.  In the top 5 m, 
the data are characterized by lower VS values (generally < 250 m/s).  Below 5 m, the VS 
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data are sporadically dispersed, ranging from 100 m/s to 900 m/s.    The plotted VS data 
are generally > 300 m/s below 35 m. 
The 8 VS profiles from the Holocene-Pleistocene sites are plotted in Figure 3.1(d). 
Again, the profiles of this group consist of a lower VS (generally < 300 m/s) zone at the 
top, a transition zone in the middle, and a higher VS (in general > 300 m/s) zone at the 
bottom.  Thicknesses of the top lower VS zone range from about 0 m to 10 m. 
Plotted in Figure 3.1(e) are the 22 VS profiles from the Wando Formation sites. 
Profiles of this group also consist of a lower VS (generally < 300 m/s) zone at the top, a 
transition zone in the middle, and a higher VS (in general > 350 m/s) zone at the bottom.  
Thicknesses of the top lower VS layers are about 0 m to 17 m.   Average velocities in the 
top and bottom zones are fairly constant with depth. 
In Figure 3.1(f), the 12 VS profiles from the Ten Mile Hill beds are presented.  
They consist of a lower VS (generally < 300 m/s) zone at the top, a transition zone 
between 10 m to 25 m in depth.  Below 25 m, plotted values of VS are > 300 m/s. 
As noted by Zhang et al. (2004), it can be seen that the lower bound values of VS 
in the top zone of the older soil deposits (see Figures 3.1(d) – 3.1(f)) are higher than those 
in the top zone of the younger soil deposits (see Figures 3.1(a) – 3.1(c)), indicating 
increasing VS with age of the deposit. 
 
3.3  Average Shear-Wave Velocity in Upper 30 m   
  The values of average shear wave velocity in the top 30 m, VS30, listed in Tables 



















30                      (3.1) 
 
where di is the thickness of ith layer between the depths of 0  m and 30  m, Vsi is the shear 
wave velocity of that layer, and thicknesses of the n layers sum up  to 30  m.  As 
discussed by Dobry et al. (2000), Equation (3.1) provides an average that favors the 
lower VS  layers.  It is calculated in this manner so that a soft soil layer on rock classifies 
as a soft soil site, even when the depth of rock is less than 30 m.   
  To ensure reasonably accurate VS30 values, they are calculated for only profiles 
extending to depths of 30 m, or test depths ≥ 18 m and into the Cooper marl.  Of the 107 
VS profiles, 77 profiles fit this criterion.  For the VS profiles extending into the Cooper 
marl but not to a depth of 30 m, the velocity between the maximum measured depth and 
30 m is assumed equal to 400 m/s to a depth of 25 m and 435 m/s between 25 m and 30 
m.  These assumed VS values are average for the Cooper marl (Andrus et al. 2005).  
Alternatively, in Fairbanks et al. (2004), the velocity between the maximum measured 
depth and 30 m is assumed equal to the average of the three deepest VS measurements at 
the site.    If testing did not extend into the Cooper marl, or to a depth of 30 m, then 
“N/A” (not available) is entered in the Tables 2.1 and 3.1 for the VS30 value.   
 
3.4  Statistical Analysis 
The probability distribution of the VS30 values can be determined by employing 
Rankit analysis (Sokal et al., 1969), as performed by Zhang et al. (2004).  In Rankit 
analysis (Sokal et al., 1969), VS30 data are ranked from low to high, and then assigned a 
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Rankit value from the statistics tables.  Next, the ranked VS30 values are plotted against 
the selected Rankit value.  This graph is called a Rankit plot.  If the considered data are 
normal1y distributed, then the Rankit plot will be linear. If the distribution is not linear 
then the data is transformed and a Rankit plot based on the transform is created.  For 
example, in this study, values of VS30 are transforming to the natural logarithm of VS30 to 
evaluate if they are log-normally distributed.   
The results of the Rankit analysis are summarized in Table 3.2.  Figures 3.2 and 
3.3 show the Rankit plots of VS30 and Ln(VS30), respectively, for five of the six surficial 
geology groups.  The other group, phosphate soil is not represented because these VS 
profiles do not extend to a sufficient depth.  It can be seen that the Rankit plots are fairly 
linear for both VS30 and Ln(VS30).  The r2 value measures how linear the Rankit plots are, 
with a higher value indicating better linearity.  Considering the higher r2 values, VS30 data 
for the artificial fill, Holocene-Pleistocene deposit, and Wando Formation are slightly 
better modeled by log-normal distributions.  The Holocene and Ten Mile Hill beds VS30 
data are slightly better modeled by normal distributions.  Because both distributions 
apply equally well, the normal probability distribution is selected to model the VS data 
from all five groups. 
 























xxf   for 0 < x <∞;  (3.2) 
where x is the considered variable, and μ and σ are the mean value and standard 
deviation defining the distribution.  In this instance, the variable x is VS30.  In the Rankit 
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plots of Figure 3.2, the VS30 values at RV of 0 and RV of ± 1 are μ and  ± σ, respectively. 
The Ln(VS30) value corresponds to the Rankit value of 0 is μ.   
 The mean values and standard deviations of VS30 are listed in Table 3.2 for the 
five categories assuming both normal and log-normal distribution.  The mean VS30 values 
for the normal distribution are 180 m/s, 228 m/s, 235 m/s, 243 m/s and 307 m/s for the 
artificial fill, Holocene, Holocene-Pleistocene deposit, Wando Formation, and the Ten 
Mile Hill beds, respectively.  For the log-normal distribution, the mean VS30 values are 
181 m/s, 229 m/s, 236 m/s, 243 m/s, 307 m/s, respectively.  The two sets of mean values 
and practically identical, and are close to the median values.  The median VS30 values for 
the five surficial geology groups are 178 m/s, 239 m/s, 228 m/s, 241 m/s and 314 m/s, 
respectively.  The greater difference between the means and medians is noticed in the 
Holocene group and late Holocene-Pleistocene deposits. 
  
3.5  NEHRP Site Class 
The 2000 National Earthquake Hazards Reduction Program (NEHRP) provisions 
(BSSC, 2000) classify sites based on VS30 values and other criteria.  As summarized in 
Table 3.3, there are six site classes designated as A – F.  Site class A is hard rock sites 
with VS30 > 1500 m/s.  Site class B is rock sites with 760 < VS30 ≤ 1500 m/s.  Site class C  
is very dense soil and soft rock sites with 360 < VS30 ≤ 760 m/s.  Site class D is a stiff soil 
with 180 ≤ VS30 ≤ 360 m/s.  Site class E are soil profiles with VS30 < 180 m/s.  Site Class F 
are special soil conditions, (e.g. liquefiable soils, high plasticity clays).   
Presented in Figure 3.4 are the VS30 ranges for site classes E, D and a portion of C. 
Also shown in the figure are the probability density functions of VS30 for the five surficial 
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geology groups, assuming normal distributions.  For this chapter, it is assumed that no 
special NEHRP site class F conditions exist at any of the VS test locations.  Thus, about 
50% of the artificial fill profiles classify as site class E and 50% classify as site class D.  
For the Holocene profiles, about 17%, 82%, and 1% of the profiles classify as site class 
E, D, and C, respectively.  For the Holocene-Pleistocene profiles, about 14% classify as 
site class E.  Approximately, 85 % and 1% of the Holocene-Pleistocene profiles classify 
as site classes D and C, respectively.  For the Wando Formation profiles, about 4% 
classify as site class E.  The other 96% classify as site class D.  For the Ten Mile Hill 
beds profiles, 88% classify as site class D, and 12% as site class C.  These results agree 
well with the previous results of Zhang et al. (2004). 
 
3.6  VS30 and Site NEHRP Site Class on Charleston Peninsula 
 The VS30 values summarized in Table 2.1 that fall within the portion of the 
1:24,000 geologic map by Weems et al. (1997) for the Charleston Peninsula and Drum 
Island are plotted in Figure 3.5.  There are four geologic units present at the ground 
surface in this section of the map.  These units are artificial fills (af), Holocene tidal 
marsh deposits (Qht), Pleistocene beach to barrier-island deposits (Qhes), and the 
Pleistocene-age barrier-island facies of the Wando Formation (Qws).  Brief descriptions 
of these geologic units are summarized in Table 3.4.   
 There are 20 VS30 values that fall within the artificial fills.  These values range 
from 108 m/s to 257 m/s, with a median value of 152 m/s.  There are not any VS30 values 
that lie within the Qht geologic unit in this section of the map.  There are 2 VS30 values 
that fall within the Qhes geologic unit.  The values are 182 m/s and 219 m/s.  Lastly, the 
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10 VS30 values that lie in the Qws unit range from 179 m/s to 299 m/s, with a median 
value of 237 m/s.  These results indicate that on the peninsula all areas are either D, E or 
F class sites. 
 A NEHRP site class map for the Charleston peninsula can be seen in Figure 3.6.  
Zones of site class D, where VS = 180 – 360, correspond to the middle of the peninsula 
where a near surface deposits are Qws or Qhes more dominant.  Zones of site class E, 
where VS < 180, can be seen along the Ashley River and the Cooper River, where near 
surface sediments include the Qht unit.  Both zones are labeled as D or F, or E or F.  The 
determinate of the F site conditions is beyond the scope of this chapter.   
 
3.7  Summary 
 In this chapter, 60 VS profiles from the Charleston 1:24,000 quadrangle and 47 
other VS profiles from the greater Charleston area are specifically grouped by surficial 
geology and analyzed.  The calculated mean values of VS30 for the Artificial fill, 
Holocene-age sediment, Holocene-Pleistocene sediment, Wando Formation, and Ten 
Mile Hill beds are 181 m/s, 229m/s, 236 m/s, 243 m/s, and 307m/s, respectively.  These 
mean VS30 values all fall within the NEHRP site classes D and E, assuming not site F 
conditions.  If the 77 VS profiles can be considered representative, approximately 98 % of 
the greater Charleston area is NEHRP site class D, E or F.   
The results in Figure 3.4 indicate an increasing VS30 value as the age of the 
surficial deposit increases.  While age is an important factor, there are other factors that 
contribute to the value of VS30, such as depth of the surficial deposit and characteristics of 
the underlying deposits. Therefore, it will be is insightful to also characterize the VS 
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properties of major subsurface geologic units.  This further characterization will be 
performed in Chapter 4.   
 
  
Site            




Test    
Typeb










(degree) (degree) (m) (m/s) (m) (m)
W01187-SC1 32.89949 -79.83290 2.00 Qhec N/Aa SCPTu Yes 11.52 1.20 WPC
d
W01252-SC3 32.875 -79.771 7.00 Qws N/A SCPTu No 10.70 1.30 WPC
d
S01018-B1 32.81 -79.87 N/A Qws 217 SCPTu Yes 23.45 0.45 S&MEd
W01122-SC1 32.7987 -79.8577 5 Qws N/A SCPTu No 9.65 0.85 WPC
d
W01165-SC1 32.8674 -79.8088 1 Qhec 246 SCPTu Yes 17.67 1.50 WPC
d
W01179-SC1 32.8674 -79.8087 N/A Qhec N/A SCPTu Yes 17.20 N/A WPC
d
W01239-SC3 32.84352 -79.815 6 Qws N/A SCPTu Yes 18.70 4.40 WPC
d
W02041-SC1 32.8452 -79.8110 1 Qws N/A SCPTu No 20.00 N/A WPC
d
W01303-SCPT8 32.8254 -79.8186 3 Qws N/A SCPTu No 12.10 1.98 WPC
d
W01317-SC2 32.7060 -79.9515 1.00 Qwc 279 SCPTu Yes 22.80 2.20 WPC
d
A92262-C10 32.777 -80.035 2.1 Qht 229 SCPTu No 33.40 N/A S&MEd
C98706-C1 32.7867 -80.1076 1 Qht 160 SCPTu No 31.00 N/A PB
d
C98706-C2 32.7838 -80.1065 2 Qht 240 SCPTu No 31.00 N/A PB
d
GIT-STON1A 32.7524 -80.0134 0 Qht 260 SCPTu No 25.05 2.36 Rix
d
JOHN'S ISLAND  QUADRANGLE
Table 3.1  Summary of selected V S  profiles from the greater Charleston area as compiled by Mohanan et al.(2006).
JAMES ISLAND QUADRANGLE
CAINHOY QUADRANGLE
FORT MOULTRIE  QUADRANGLE
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Site            




Test    
Typeb










(degree) (degree) (m) (m/s) (m) (m)
GIT-9 32.8601 -80.0194 8 Qwls N/A SASW No 15.00 N/A Rixd
RDP99526-PS1 32.7523 -80.0130 N/A Qht 245 DH No 107.00 N/A S&MEd
S99526-E3 32.752 -80.015 N/A Qwc N/A SCPTu No 8.49 2 S&MEd
S99526-E6 32.752 -80.015 N/A Qwc 273 SCPTu No 25.19 1.22 S&MEd
S99526-MS9 32.752 -80.015 N/A Qht 314 SCPTu No 23.62 0 S&MEd
W01211-SCPT4 32.75075 -80.03594 4 Qwc N/A SCPTu Yes 11.20 1.83 WPC
d
W01211-SCPT9 32.75017 -80.03339 4 Qwc N/A SCPTu Yes 13.00 2.40 WPC
d
W00354-SC1 32.8006 -80.1091 2 Qwc N/A SCPTu No 8.00 N/A WPC
d
W01350-SCPT 1 32.825266 -80.039374 3 Qwls N/A SCPTu Yes 15.20 2.99 WPC
d
GIT-8 32.8961 -80.0256 9 Qts N/A SASW No 15 N/A Rixd
S98725-B38 32.93324 -80.04624 11 Qtc 300 SCPTu No 28 N/A S&MEd
S98725-B45 32.93488 -80.04638 12 Qtc 327 SCPTu No 30 N/A S&MEd
S98725-B51 32.93632 -80.04799 10 Qtc 276 SCPTu No 29 N/A S&MEd
S98725-B55 32.93957 -80.04959 7 Qtc 236 SCPTu No 30 N/A S&MEd
S99140-S1 32.9643 -80.0833 N/A Qtc 359 SCPTu No 22.9 N/A S&MEd
W00386-SC1 32.8775 -80.0367 N/A ps N/A SCPTu No 14.00 N/A WPC
d
LADSON QUADRANGLE
Table 3.1  Summary of selected V S  profiles from the greater Charleston area as compiled by Mohanan et al.(2006) Cont'd.
JOHN'S ISLAND  QUADRANGLE (Continued)
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Site            




Test    
Typeb










(degree) (degree) (m) (m/s) (m) (m)
W00386-SC12 32.8775 -80.0367 9.00 ps 7 SCPTu No 7.00 N/A WPC
d
W00386-SC17 32.8775 -80.0367 9.00 ps 6 SCPTu No 6.00 N/A WPC
d
W01163-SC1 32.975 -80.1125 10 Qtc N/A SCPTu No 9.7 N/A WPC
d
W01218-SC1 32.9355 -80.0434 9.00 Qtc N/A SCPTu Yes 10.20 1.98 WPC
d
W01292-SC1 32.9003 -80.0595 11.00 Qts N/A SCPTu Yes 12.10 3.04 WPC
d
W02059-B06 32.9229 -80.0952 9.00 Qtc N/A SCPTu Yes 13.89 N/A WPC
d
W02073-SC6 32.9603 -80.0596 10.00 Qlc N/A SCPTu Yes 7.89 1.49 WPC
d
A92262-C26 32.739 -80.007 1.2 Qht 243 SCPTu No 28.50 N/A S&MEd
A92262-C36 32.739 -80.007 2.1 Qht 266 SCPTu No 41.00 N/A S&MEd
W01339-SC1 32.7234 -80.0653 N/A Qws N/A SCPTu Yes 12.10 1.67 WPC
d
W02044-SCPT8 32.7478 -80.0360 N/A Qws N/A SCPTu No 12.19 N/A WPC
d
S01603-S1 32.9 -79.93 N/A Tmh 342 SCPTu No 29.7 N/A S&MEd
W02096-SCPT1 32.6191 -80.1438 N/A N/A 223 SCPTu Yes 19.20 1.80 WPC
d







Site            




Test    
Typeb










(degree) (degree) (m) (m/s) (m) (m)
W02130-SC8 32.6089 -80.1485 N/A N/A 246 SCPTu Yes 22.60 1.50 WPC
d
GIT-SODFM1 32.7396 -80.1416 3 Qws 311 SCPTu No 35.00 3.11 Rix
d
GIT-SODFM2 32.7393 -80.1413 4 Qws 315 SCPTu No 30.00 3.15 Rix
d
GIT-6 32.7376 -80.1454 3 Qws N/A SASW No 15.00 N/A Rixd
a N/A = Not available
bSCPTu  = Seismic CPT with pore water pressure measurements; SASW = Spectral Analysis of Surface Wave Test;
SRR =Seismic Refraction/Reflection Test; DH = Downhole Test; SL = Suspension Logger
c No = CPT electronic file is not available, Yes = CPT electronic file is available in data report by Mohanan et al. (2006)
dPB = Parsons Brinkerhoff (1999); WPC = WPC (1999-2004); Rix = Rix and Indridason (1994);
  S&ME = S&ME (1999 - 2003)
WADMALAW  ISLAND QUADRANGLE




Median    
V S30  (m/s)
r 2      
Value
Mean    
V S30  (m/s)
One Standard Deviation 
Range of V S30  (m/s)
r 2       
Value
Mean    
V S30  (m/s)
One Standard Deviation 
Range of V S30  (m/s)
Artificial fill 27 178 0.96 180 134 - 226 0.98 181 134 - 228
Holocene 12 239 0.87 228 177 - 279 0.77 229 166 - 292
Holocene-Pleistocene 4 228 0.95 235 184 - 286 0.97 236 186 - 286
Wando Fm. 20 241 0.96 243 207 - 279 0.97 243 207 - 272
Ten Mile Hill beds 6 314 0.97 307 261 - 353 0.95 307 259 - 355
No. of  
V S30 
Values
Surficial           
Geology 
Table 3.2  Mean values and ranges of VS30 for five surficial geology groups in the Greater Charleston area (after Zhang et al. 2004).
Normal Distribution                                     Log-Normal Distribution
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Table 3.3  NEHRP site classification (BSSC, 2000), as summarized by Zhang et al. (2004).
Site Class Description V S30  (m/s)
A Hard rock >1500
B Rock 760 - 1500
C Very dense soil and soft rock 360 - 760
D Stiff soil 180 - 360
E A soil profile with low V S30 < 180 
F Special soil conditions (e.g., liquefiable soils, 
collapsible soils, organic clays > 3 m thick, 







Table 3.4  Description of geologic units exposed at the ground surface on the Charleston 
 Unit  
Designation Description
af
Recent (<300 years) artificial (man-made) fills. Sand and clayey sand of 
diverse origin.
Qht
Holocene (<5 ka) tidal marsh deposits. Clayey sand and clay, soft, organic 
rich.
Qhes
Pleistocene (33-85 ka) beach to barrier-island deposits. Fine-grained, well-
sorted quartz sand.
Qws
Wando Formation, Pleistocene (70-130 ka) barrier-island facies. Fine-
grained
                 peninsula (adapted from Weems and Lemon 1993).
 
Figure 3.1  Compiled V S  profiles grouped by surficial geology--(a) Artificial fill, (b) Phosphate spoil, (c) Holocene, (d) Holocene- .                                                                                                                            
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Figure 3.2   Rankit plots of average V S in upper 30 m for the five surficial geology                   
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Figure 3.3  Rankit plots of Ln(V S30 ) for the five surficial geology groups.
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Figure 3.4   Probability Density functions of V S30 for five surficial geology groups                    
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Figure 3.5  Geologic map of Charleston Peninsula and Drum Island by Weems et al.  
                  (1997) showing locations of VS test sites and values of VS30. 
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Figure 3.6  Geologic map of Charleston Peninsula and Drum Island by Weems et al.  
                  (1997) showing NEHRP Site Class boundaries. 
CHAPTER FOUR 
ANALYSIS OF VS BY SUBSURFACE GEOLOGY*
 
 This chapter considers the 107 VS profiles described in Chapters 2 and 3 in terms 
of subsurface geology.  Where sufficient information is available, the individual VS 
measurements are separated and grouped by geology.  Statistical analysis is then 
performed to characterize VS of each major geologic unit.  The results are compared to 
evaluate the variation of VS with age of the deposit. 
 
4.1  VS of Major Geologic Units 
Sufficient subsurface information is available to identify major geologic units 
beneath 91 of the 107 test sites.  Information used in the identification includes:  several 
1:24,000 geologic maps and auger hole logs available for the greater Charleston area (e.g. 
Weems et al. 1993); the 1:250,000 geologic map by McCartan et al. (1984); Cone 
Penetration Test (CPT) tip, sleeve and pore pressure measurements; and geologic 
interpretations provided in project reports. 
Representative CPT, VS, and geologic profiles from a selected site in Charleston 
are presented in Figure 4.1.  CPT tip resistances are corrected to account for the effect of 
water pressure acting behind the cone tip.  The friction ratio (FR) is defined as the sleeve 
resistance measurement divided by the corrected cone tip resistance (qT).  Values of FR 
                                                 
* A similar form of this chapter will be published as a technical paper (Andrus, R.D., C. D. Fairbanks, J. 
Zhang, W. Camp, T. J. Casey, T. J. Cleary, and W. B. Wright.  Shear-Wave Velocity and Seismic 
Response of Near Surface Sediments in Charleston, South Carolina, Bulletin of the Seismological Society 
of America, accepted for publication June 2006). 
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are usually much greater (over 1 %) in clayey soils than sandy soils.  Hydrostatic pore 
pressures (u0) are assumed equal to the depth below the groundwater table multiplied by 
the unit weight of water.  Pore-water pressure measurements made with the transducer 
located immediately behind the cone tip are denoted as u2.  Values of u2 close to u0 
indicate freely draining soil (e.g., sand).  Higher u2 values, compared with u0, indicate 
lower permeable soil (e.g., clay).  Thus, the material in Figure 4.1 at depths of 3-14 m, 
18-23 m, and 25-38 m are clayey soils.  Lower VS values indicate softer or looser soil.  
Presented in Figures 4.2(a) - 4.2(f) are the VS data grouped by six major geologic 
units and plotted versus depth.  Only VS data measured completely within a unit are used 
to avoid incorrect VS assignments.  Measurements made on unit boundaries or where unit 
designation is uncertain are not plotted.  For example, the VS measurement shown in 
Figure 4.1(d) corresponding to the depth interval of 13.8-14.8 m is not plotted in Figure 
4.2(b) or Figure 4.2(c).  For the SCPT and downhole measurements, at least two data 
points within a geologic unit at a test site are required for the data to be included in the 
grouping.  For the SASW and SRR measurements, average values of VS are assigned to 
the layer centers.  
The six geologic units are: 1) Artificial fill and Phosphate spoils; 2) Holocene and 
Holocene-Pleistocene deposits; 3) the Wando Formation; 4) the Ten Mile Hill beds; 5) 
the Penholoway Formation and the Daniel Island beds; and 6) Tertiary deposits.  Brief 
descriptions of each geologic unit are given below based on the work of Weems and 





4.1.1 Artificial Fill and Phosphate Spoils 
Artificial fill (af) in the greater Charleston area are ≤ 300 years old.  They consist 
of sands and clayey sands of diverse origin, and include road fill, other construction fill 
(i.e. dams and landfills), and non-engineered fill.  Phosphate spoil (ps) deposits are 
located primarily in the northwestern area of Charleston, and are approximately 130 years 
in age.  It is a material that was removed and backfilled during the phosphate mining 
operations.  The artificial fill and the phosphate spoil are grouped together because both 
include non-engineered materials, and available VS measurements for ps are limited. 
Shown in Figure 4.2 a) are 91 VS data points from af and ps deposits that extends 
to depths of 13 m.  Values of VS average 145 m/s and range from less than 80 m/s to over 
300 m/s.  The plotted VS data exhibit little depth dependency as a whole, which is 
attributed to the data being from several locations.  
 
4.1.2   Holocene Deposits and Holocene-Pleistocene Deposits 
The Holocene-age (< 10,000 years or < 10 ka) to Pleistocene-age (10,000 to 
85,000 years or < 10 ka to 85 ka) deposits has a range in depth less than 1 m to about 20 
m.  As discussed by Weems and Lemon (1993), Holocene deposits include Qhs and Qht.  
Qhs is beach and barrier island deposits, consisting of quartz and fined grained sands.  
Qht is tidal marsh deposits that are clayey sands and organic rich clays.  Early Holocene 
to late Pleistocene deposits include Qhec that is an estuarine silty to sandy clays and 
quartz sands.  Grouping the Holocene and the late Pleistocene data together seemed the 




Presented in Figure 4.2(b) are 238 VS data points from the Holocene and 
Holocene-Pleistocene deposits.  Values of VS range from less than 80 m/s to over 200 
m/s.  The maximum depth of the VS measurement is about 20 m.  When the plotted data is 
considered as a whole, no controlling depth-effect on VS is observed. 
 
4.1.3   Wando Formation 
The Wando Formation is about 70 ka to 130 ka in age.  Weems and Lemon 
(1993) identified six facies in the Wando Formation.  The six facies are: two fluvial-
estuarine clayey-sands and clay facies (Qwc, Qwlc), two beach barrier island sand facies 
(Qws, Qwls), and two fossiliferous shelf sand facies (Qwf, Qwlf).  One characteristic that 
can sometimes be used to infer younger clay deposits from older clay deposits below the 
ground water table is the trend of qT measurements.  As shown in Figure 4.1(a), qT values 
in the Holocene to late Pleistocene clay deposit project to a value of 0.3 MPa at the 
ground surface, in contrast qT values in the clay facie of the Wando Formation project to a 
value of 1.9 MPa at the ground surface.  Also, VS is generally higher in the older Wando 
Formation (see Figure 4.1(d)).  
As illustrated in Figure 4.2(c), the Wando Formation extends to depths of less 
than 25 m.  Values of VS range from 100 m/s to over 300 m/s, with median of 189 m/s.  
Some aspects of the plotted VS data suggest depth dependency as the data slightly 






4.1.4   Ten Mile Hill Beds 
The Ten Mile Hill beds are approximately 200 ka to 240 ka in age.  Weems and 
Lemon (1993) identified three facies in the Ten Mile Hill beds.   First, Qtc, which is a 
fluvial and estuarine deposits that is composed of clays and clayey sands.  Second, Qts, 
which is a beach to barrier-island facies composed primarily of well sorted quartz sands. 
Third, Qtf, which is a shallow marine shelf facies comprised of fine-grained, fossiliferous 
and bioturbated sands.  CPT profiles in the Ten Mile Hill beds are similar to the Wando 
Formation.  Fortunately, the Ten Mile Hill beds and the Wando Formation do not overlay 
at majority of the VS test locations and separation of VS measurements for the Ten Mile 
Hill beds and Wando Formation was not difficult. 
Shown in Figure 4.2(d) are 73 VS data points from the Ten Mile Hill beds.  Values 
of VS range from about 100 m/s to over 300 m/s.   
 
4.1.5   Penholoway Formation and Daniel Island Beds 
The Penholoway Formation (Qpf) is a shallow marine shelf facies, with age 
between 730 ka and 970 ka.  The Daniel Island beds (Qdc) are clayey sands to clays an 
age ranging from 730 ka to 1600 ka.  They are often identified in CPT profiles by 
relatively high qT values, compared to values in overlying and underlying units. 
Plotted in Figure 4.2 (e) are 88 VS data points from the Penholoway Formation 
and the Daniel Island beds.  Values of VS range from about 180 m/s to over 600 m/s, with 





4.1.6   Tertiary Deposits 
Tertiary deposits mainly consist of marine sediments ranging in age from about 2 
Ma to 38 Ma (Weems and Lemon, 1993).  They include, from youngest to oldest:  the 
Goose Creek Limestone, the Marks Head Formation, the Edisto Formation, the Chandler 
Bridge Formation, the Ashley Formation, and the Parkers Ferry Formation.  The Ashley 
and Parkers Ferry Formations, along with the older Harleyville Formation are three stiff, 
impermeable members that form the Cooper Group (locally known as the “Cooper 
Marl”).  The Cooper Marl exists throughout the subsurface in the Charleston region and 
can be up to 100 m thick.  In CPT profiles (see Figure 4.1), it is characterized by:  (1) 
fairly uniform (constant with depth) qT profiles that project to about 3 MPa at the ground 
surface, (2) occasionally high (>10 MPa) qT values, (3) fairly uniform FR profiles, and (4) 
consistently high (>1 MPa) u2 values.  Reported values of VS from Tertiary deposits in 
the top 25 m are plotted in Figure 3(f).  The majority of these measurements are believed 
to be from the Ashley Formation.  They range from less than 180 m/s to over 700 m/s, 
with median value of 399 m/s. 
All VS values from Tertiary deposits are presented in Figure 4.3.  Values from 
depths greater than 50 m are based on two seismic downhole tests and two suspension 
logger tests conducted in four relatively deep boreholes.  One deep borehole was part of 
the Maybank Highway Bridge replacement project, which connects the Charleston 
peninsula to Johns Island across the Stono River.  The other three deep boreholes were 
for the new Cooper River Bridge project along U. S. Highway 17.  The plotted VS values 
are divided into five depth ranges:  0-25 m, 25-55 m, 55-75 m, 75-100 m, and 100-110 m.  
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Median VS values for these depth ranges are noted in the Figure 4.3.  It is likely that VS 
values below the depth of 55 m are from the Parkers Ferry and Harleyville Formations.   
While individual VS profiles within a geologic unit often exhibit increasing 
velocity with depth, the aggregated data plotted in Figures. 4.2(a) - 4.2(f) exhibit little 
depth dependency as a whole.  Therefore, the data are considered directly, without any 
correction for depth or overburden pressure, in the statistical analysis.   
 
4.2  Statistical Analysis 
Histograms of the VS data grouped by geology are presented in Figures 4.4 and 
4.5.  The histograms suggest that either normal or log-normal distributions can be used to 
represent the data.  To determine the type of distribution most suitable, the chi-square test 
(Ang and Tang, 1975) is applied to the data sets.  In the chi-square test, the similarity 
between the considered data and the assumed distribution is evaluated by the total chi-













2χ      (4.1) 
where k is the number of data intervals, ni is the observed outcomes for the ith bin, and ei 
is the theoretically expected outcomes for the ith bin based on the assumed distribution.  
Generally, it is necessary to have k ≥ 5 and ei ≥ 5.  Higher χ2 values imply a significant 
difference between the data and the assumed distribution.  Thus, the distribution with the 
smallest χ2 value is the most suitable distribution to represent the data set. 
Values of χ2 for the six units assuming both normal and log-normal distributions 
are presented in Table 4.1.  Also presented in Table 4.1 are mean, standard deviation, and 
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median values.  The mean based on a normal distribution, known as the arithmetic mean, 
is calculated by simply averaging the VS values.  The mean based on a log-normal 
distribution, known are the geometric mean, is calculated by averaging Ln(VS) values.  
Based on the χ2 values, all VS data sets are equally or better represented by the log-
normal distribution, except the fill data set which is better represented by the normal 
distribution.  Because 9 of the 10 data sets are equally or better represented by the log-
normal distribution, it is preferred in this study. 
The probability density function of the log-normal distribution is given by: 

























xf  for 0 < x < ∞   (4.2)  
where x is the considered variable, and µ and σ are the two parameters defining the 
distribution.  Here the variable x is VS, and the parameters µ and σ are mean and standard 
deviation values of Ln(VS), respectively.  The probability density functions of VS for the 
six units within the top 25 m are generated according to Equation (4.2) and plotted in 
Figures. 4.4(a) - 4.4(f) to compare with the histograms.  It can be seen that the plotted 
probability density functions match the histograms well, with the possible exception of 
the fill data set. 
Geometric mean values of VS in the top 25 m are 141 m/s, 108 m/s, 190 m/s, 178 
m/s, 309 m/s and 393 m/s for the man-made fills, the Holocene and late Pleistocene 
deposits, the Wando Formation, the Ten Mile Hill beds, the Penholoway Formation and 
the Daniel Island beds, and the Tertiary deposits, respectively.  For the Tertiary deposits 
within depth intervals of 25-55 m, 55-75 m, 75-100 m, and 100-110 m, geometric mean 
values of VS are 436 m/s, 553 m/s, 670 m/s and 822 m/s, respectively.  These mean values 
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of VS are similar to median values noted in Figures 4.2 and 4.3 and Table 4.1, indicating 
that the geometric means are not significantly affected by the few extreme values. 
The statistical results presented above can be used to generate approximate VS 
profiles for sites where only the geologic profiles are known.  When combined with 
geologic maps and cross-sections of the Charleston area (e.g., Weems and Lemon, 1993), 
the results provide required information to accurately assess ground shaking hazard in the 
area. 
 
4.3  Summary 
 Measurements of VS from 91 test sites are grouped into major surficial geology 
groups.  The six groups that are:  1) Artificial fill and Phosphate spoils, 2) Holocene and 
Holocene-Pleistocene deposits, 3) the Wando Formation, 4) the Ten Mile Hill beds, 5) 
the Penholoway Formation and Daniel Island beds, and 6) Tertiary deposits.  Four out of 
six geologic units of VS (in top 25 m) are found to be better modeled by the log-normal 
distribution than the normal distribution.  The Artificial fill and Phosphate spoils unit and 
the Holocene, and Holocene-Pleistocene unit are slightly represented better by the normal 
distribution.  Assuming log-normal distributions and no depth dependencies, mean values 
calculated for the six major geologic units are 141 m/s, 108 m/s, 190 m/s, 178 m/s, 309 
m/s, and 393 m/s, respectively.  These mean VS values are similar to median values. 
Compiled VS data from the Tertiary deposits are further divided into five depth 
intervals from 0 - 25 m, >25 – 55 m, > 55 – 75 m, > 75 – 100 m, and > 100 – 110 m.  
Values of VS for four of the five intervals are found to be better modeled by log-normal 
distribution than the normal distribution.  Except for the > 100 – 110 m interval, they are 
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equally represented by the normal distribution and the log-normal distribution.  Assuming 
log-normal distributions and no depth dependencies, mean values calculated for the five 




Table 4.1 Statistical properites of V S  for six geologic units.
Median 
V S    
(m/s)
χ 2      
Value  
Mean     
V S       
(m/s)
One Standard Deviation 
Range of   V S   (m/s)
χ 2        
Value
Mean     
V S       
(m/s)
One Standard Deviation 
Range of   V S   (m/s)
Artificial fill          91 145 13.0 152 98 - 205 32.8 141 95 - 211
and Phosphate spoils
Holocene and         238 111 10.8 116 70 - 162 11.9 108 74 - 158
Holocene-Pleistocene
Wando Fm. 538 189 35.5 195 148 - 242 3.0 190 151 - 239
Ten Mile Hill beds 73 176 8.3 184 131 - 238 1.2 178 136 - 232
Penholoway Fm. and 88 285 20.0 328 202 - 453 4.5 309 221 - 431
Daniel Island beds
Tertiary Deposits 
0 - 25 m 383 399 279.8 417 175 - 660 23.0 393 288 - 537
>25 - 55 m 418 435 32.4 443 360 - 526 25.4 436 362 - 525
>55 - 75 m 61 533 11.6 564 445 - 683 5.1 553 454 - 673
>75 - 100 m 52 663 9.4 679 561 - 797 7.9 670 565 - 793
>100 - 110 m 4 841 2.3 822 691 - 952 2.3 814 689 - 961
Geologic            
Unit
No. of   
V S  
Values



















Figure 4.1  Representative CPT, V S , and geologic profiles from a selected site in   
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Figure 4.2  Compiled V S  data in top 25 m separated by subsurface geology - (a) Artificial fill and Phosphate Spoils, (b) Holocene 
                  and Holocene-Pleistocene deposits, (c) Wando Formation, (d) Ten Mile Hill beds, (e) Penholoway Formation and 
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Figure 4.3  Compiled V S  data from Tertiary deposits with average values determined 
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Figure 4.4  Distribution of V S  from top 25 m for six geologic units - (a) Artificial fill and Phosphate Spoils, (b) Holocene and 
                  Holocene-Pleistocene deposits, (c) Wando Formation, (d) Ten Mile Hill beds, (e) Penholoway Formation and Daniel 



































































































































































































Figure 4.5  Statistical distribution of V S  measurements in tertiary deposits from depths of (a) 25 – 55 m, (b) 55 – 75 m, 




THREE DIMENSIONAL MODEL OF QUATERNARY DEPOSITS  
BENEATH THE CHARLESTON PENINSULA 
 
5.1  Background 
The purpose of this chapter is to develop an elevation contour map for the top of 
the Cooper Marl, and a thickness contour map for Quaternary deposits beneath 
Charleston peninsula and Drum Island.  These maps will provide information needed for 
understanding the dynamic response of the area during the 1886 earthquake, as well as 
during future earthquakes.  The thickness of soft sediments over a hard layer is a key 
factor controlling dynamic site response.  Greater damage can occur where the natural 
period of the site matches the natural period of the structure.  
Weems and Lemon (1993) initiated one of the first major efforts to contour the 
top of Tertiary and map the thickness of Quaternary sediments in Charleston.  The boring 
data available to develop their maps were rather limited, however.  For example, in the 
area of Charleston peninsula and Drum Island only 30 borings were used by Weems and 
Lemon (1993).  For this study, results from 264 borings and soundings are available to 
refine their maps for Charleston peninsula and Drum Island. 
 
5.2  Database 
Locations of the 264 test sites are plotted on the map shown in Figure 5.1.  The 
tests were performed by a variety of geotechnical engineering companies and means.  
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They are displayed by four distinct shapes in the figure.  Of the 264 sites, 30 are borings 
from the Weems and Lemon (1993) 1:24,000 scale geologic map.  These borings are 
denoted by open triangles in Figure 5.1.  Twenty-five of the 30 borings are from 
unpublished sources that were made available for their study.    
 There are 33 VS test sites plotted in Figure 5.1, which are denoted by solid black 
squares.  Most of the VS  tests were conducted using the seismic CPT method.  To assess 
the quality of the compiled VS values, several time histories were reviewed.  It was found 
that most of the time histories were of fair to excellent quality (Andrus et al. 2006).  The 
VS  values for these sites were entered directly into the database and assigned to depths 
corresponding to the centers of the reported measurement intervals.  No attempt was 
made to delete very low or very high VS values, so that any errors from picking shear-
wave arrival times would average out. The few sites with several poor quality time 
histories were excluded from the database. 
 Forty-three of the 264 sites are from non-seismic CPT soundings.  These sites are 
indicated in Figure 5.1 by plus signs.  Representative CPT, VS, and geologic profiles are 
presented in Figures 5.2 and 5.3.  These profiles are from the VS test site numbers 1 and 
10, respectively, (see Figure 5.1).  CPT tip resistances are corrected to account for the 
effect of water pressure acting behind the cone tip.  The friction ratio (FR) is defined as 
the sleeve resistance measurement divided by the corrected cone tip resistance (qT). 
Values of FR are usually much greater (over 1 %) in silty and clayey soils than in sandy 
soils.  Hydrostatic pore pressures (u0) are assumed equal to the depth below the 
groundwater table multiplied by the unit weight of water.  Pore-water pressure 
measurements made with the transducer located immediately behind the cone tip are 
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denoted as u2. Values of u2 close to u0 indicate freely draining soil (e.g., sand).  Higher 
u2 values, compared with u0, indicate lower permeable soil (e.g., clay). Thus, the 
materials in Figure 5.2 at depths of 7 – 14 m and 17 – 19 m are clayey soils.  In Figure 
5.3, the materials at depths of 4 – 12.5 m and 18 – 23 m are clayey soils.  Lower VS 
values indicate softer or looser soil. 
 The remaining 158 sites are Standard Penetration Test (SPT) borings.  These sites 
are represented by open squares in Figure 5.1.  Of the 158 SPT sites, 98 were compiled 
by Virginia Tech (Chapman 2003; Chapman et al. 2006) from various consulting project 
reports, 27 were from the project report for the new cooper Cooper River Bridge (Parson 
Brinckerhoff (1999), and 33 were from project files made available by S&ME.  Of the 
98 sites compiled by Virginia Tech, 48 represent locations where the depths to Cooper 
Marl have been averaged from two or more borings.  Based on plots of SPT locations, 
the three SPT datasets indicate that they are independent of each other. 
 A listing of the 264 sites is provided in Appendix A.  Much effort was made to 
determine the latitudes and longitudes of all sites to within about 30 m accuracy.  This 
limit for the coordinate accuracy was adopted so that the subsurface geology was 
represented with minimal errors. Latitudes and longitudes were given in the project 
reports for 43 % (114/264) of the test sites.  For the other 150 sites, locations were 
approximated based on project site address information and using a recreational 
handheld GPS device and/or Google Earth free software (http://earth.google.com/).  The 
accuracy of the listed latitudes and longitudes is reflected in the number of significant 
digits shown (see Appendix A).  Latitude and longitude values with 5 significant digits 
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or more to the right of the decimal place indicate 10 m accuracy of the reported location.  
One hundred and two of the test profiles are located with accuracy of 10 m.   
Ground surface elevations were given in project reports for 208 of the 264 sites.  
The accuracy of these surface elevation data is within about 0.2 m to 0.7 m.  For the other 
56 sites, elevations were estimated using digital elevations maps available at the South 
Carolina Department of Natural Resources website (http://www.dnr.sc.gov/ 
pls/gisdata/quad.qselect?pcounty=charleston&ptilename=CHARL) and GoogleEarth free 
software (http://earth.google.com/).  The accuracy of these estimates are believed to be 
within 1 m.  Elevations range from 0 m to 8.6 m above mean sea level.  Most of the test 
sites (262/264) have ground surface elevations less than 5 m above mean sea level. 
 Maximum measurement depths for the 264 test sites range from 7 m to 28 m.  
There are 50 sites where testing extended to depths of 20 m or greater.  The Cooper Marl 
was encountered at all 264 investigation sites.  The sites plotted in Figure 5.1 indicate 
that there is good spatial coverage across much of the area for determining depth to Marl 
and thicknesses of Quaternary deposits.  The depth to Marl and thickness of Quaternary 
deposits will be well constrained in areas of several test sites, and less constrained in 
areas of fewer test sites. 
   
5.3  Near-Surface Geology and VS 
 The geologic map of Charleston peninsula and Drum Island by Weems and 
Lemon (1993) is shown in Figure 5.4.  As illustrated on the map, the peninsula is 
bounded on one side by the Ashley River and on the other side by the Cooper River.  
Much of the natural low-lying tidal marsh areas adjacent to the rivers have been built up 
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during the past 300 years with artificial fill to allow the city, including port facilities, to 
be constructed to the water's edge.  On Drum Island, the extensive area of artificial fill is 
due to the heaping of spoils during periodic dredging of the Charleston harbor Weems 
and Lemon (1993).  The artificial fill and young tidal marsh deposits are designated on 
the map as af and Qht, respectively.  The natural higher ground making up the peninsula 
consists of two major units of Pleistocene age.  The older Pleistocene unit is the barrier-
island facies of the Wando Formation, designated as Qws.  The younger Pleistocene unit, 
designated as Qhes, is the beach deposits that flank the Wando Formation.  Brief 
descriptions and ages of these four surficial geologic units are given in Table 5.1. 
 Also given in Table 5.1 are descriptions and ages of other near-surface geologic 
units present in the generalized cross-sections of sub-surface materials by Weems and 
Lemon (1993) of the Charleston peninsula and Drum Island. The other Quaternary units 
include (from youngest to oldest): estuarine deposits of Holocene to Pleistocene age 
(Qhec), shelf-sand and estuarine to fluvial facies of the Wando Formation (Qwf, Qwc, 
Qwlf), shallow-marine-shelf deposits of the Penholoway Formation (Qpf), and estuarine 
to lagoonal deposits of the Daniel Island beds (Qdc).  
 One characteristic that can sometimes be used to infer younger clay deposits from 
older clay deposits below the ground water table is the trend of qT measurements.  As 
shown in Figure 5.3 (a), qT values in the Holocene to late Pleistocene clay deposit project 
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to a value of near 0.0 MPa at the ground surface.  In contrast qT values in the clay facies 
of the Wando Formation often project to a value >1.0 MPa at the ground surface.  Also, 
VS is generally higher in the older Wando Formation (see Figure 5.3 (d)). The 
Penholoway Formation and the Daniel Island beds are identified by relatively high qT 
values, compared to values in overlying and underlying units (see Figure 5.2 (a)). 
 Underlying the Quaternary sediments are the thick, Tertiary-age open-marine-
shelf deposits of the Ashley and Parkers Ferry Formations.  The Ashley Formation (Ta) 
and the Parkers Ferry Formations (Tpf), along with the older Harleyville Formation, are 
three stiff impermeable members that form the Cooper Group.  The Cooper Group, 
locally known as the Cooper Marl, exists throughout the subsurface in the Charleston 
region and can be up to 100 m thick.  In CPT profiles (see Figure 5.2 and 5.3), the Marl is 
characterized by: (1) fairly uniform (constant with depth) qT profiles with values around 3 
– 4 MPa, (2) fairly uniform friction ratio profiles with values around 1 – 2 %, and (3) 
consistently high u2 values (> 1 MPa).   
 Andrus et al. (2006) characterized the stiffness of major near-surface geologic 
units in terms of VS using measurements from the Charleston region.  Presented in Figure 
5.5 is a summary of their results for measurements made in the top 25 m.  The summary 
plot includes values of median, mean and one standard deviation range for five major 
geologic units.  The five major units are: 1) artificial fill (af), 2) Holocene and late 
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Pleistocene deposits (Qht, Qhec, Qhes), 3) the Wando Formation (Qws, Qwf, Qwc, 
Qwlf), 4) the Penholoway Formation and the Daniel Island beds (Qpf, Qdc), and 5) the 
Cooper Group (primarily Ta).  Units of similar age were grouped together because it 
seemed the most practical approach, given the subtle differences in CPT and VS profiles 
and the inter-fingering of units of similar age.  It can be seen in Figure 5.5 that VS 
increases with age in the natural sediments.  
 Values of median VS for measurements made in the Quaternary-age materials are 
noted next to each test site in Figure 5.4.  Comparing these median VS values with the 
statistics summarized in Figure 5.5, it can be seen that many median values plotted in 
Figure 5.4 fall within the one standard deviation range for the surficial unit. 
 
5.4  Elevation Contour Map of Top of the Cooper Marl 
 An elevation contour map of top of Cooper Marl is developed using information 
from the 264 sites and the 3-dimensional software modeling program Rockworks (2004).  
To use Rockworks (2004), longitudes and latitudes for each test site were transformed to 
fit the data coordinate system UTM Zone 17 N (NAD 83) in meters, as discussed in 
Appendix A.  The elevations of top of Marl were determined using ground surface 
elevation and depth to Marl values.  Given that the elevations are known to within ± 1 m 
and the top of Marl is well defined at most locations, the accuracy of the depth to Marl 
values are also within ± 1 m. 
 Presented in Figure 5.6 is the elevation contour map of the top of Marl.  The 
elevation (or structural) contours of the top of Cooper Marl in Figure 5.6 have an interval 
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of 3 meters. They range in elevation from -6 m to -21 m with respect to mean sea level, 
with the -15 and -18 m contours being the most prolific.  The lower elevations are far 
more distinct in the southern region of the peninsula.  The contours are relatively closer 
in this area of the map indicating that the slope of the top of the Cooper Marl is steeper. 
 The contoured surface shown in Figure 5.6 represents a complex erosional surface 
of variable age.  It includes at least one distinct paleochannel system that is incised into 
the well compacted partially lithified Marl.  This paleochannel system is delineated by 
the -21 m, -18 m, and -15 m contours.  The location of the paleochannel system is in 
general agreement with the previous structural map prepared by Weems and Lemon 
(1993) based on 30 borings.  However, Weems and Lemon (1993) showed the -21 m 
contour to lie more to the left of Rutledge Street. The new map also reveals steeper slopes 
in the erosional surface than previously shown.  For example, the slopes to the -21 m 
contour shown are much steeper in Figure 5.6 than slopes shown on the Weems and 
Lemon (1993) map.  Based on stratigraphic relationships, the incising of the paleochannel 
system took place sometime before the deposition of the 70,000 to 130,000-year-old 
Wando Formation. 
 Because the Marl lies directly beneath the unconsolidated Quaternary deposits in 
the study area or younger Tertiary deposits are relatively thin (Weems and Lemon 1993), 
the map shown in Figure 5.6 is a close approximation to the structure contour map of the 
base of the Quaternary deposits.  Thus, it represents a refinement of the Weems and 
Lemon (1993) structure contour map of the base of Quaternary deposits beneath the 




5.5  Thickness of Quaternary deposits 
 A thickness contour (or isopach) map of the Quaternary deposits is developed 
from the structure contour map using a routine in the three dimensional modeling 
computer program and ground surface elevation information.  Shown in Figure 5.7 is the 
isopach map with a 3 m contour interval.  Based on this new map, the thickness of 
Quaternary deposits ranges from 6 m to over 24 m.  As discussed by Weems and Lemon 
(1993), Quaternary thickness depends on spatial relationships between the paleochannels, 
the barrier-island morphology, the erosion that has occurred since barrier-island 
deposition, and the artificial fills that have been placed during the past 300 years.  It can 
be seen in Figure 5.7 that the thickest sections of the Quaternary deposits (24 m and 
more) are in the southern half of the peninsula and coincide with the paleochannels. 
There are some similarities and differences between the isopach map shown in 
Figure 5.7 and the map by Weems and Lemon (1993).  One key difference is the Weems 
and Lemon (1993) map does not show a 24 m thickness contour in the southern part of 
the peninsula like what is shown in Figure 5.7.  A similarity between maps is that the 
thicker Quaternary deposits (21 m - 24 m) are located in the southern region of 
Charleston peninsula and Drum Island.   
 
5.6  Summary  
 In this chapter, information from 264 investigation sites are compiled and used to 
develop a structure contours map of Charleston peninsula and Drum Island.  The 
structure contour map reveals a paleochannel system incised into the Marl that occurred 
before the deposition of the Wando Formation.  From the structure map an isopach map 
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showing the thickness of Quaternary deposits is developed.  Quaternary thickness across 
much of the area is between 15 m and 24 m, with the thickest sections in the southern 
half of the peninsula.  These maps generally agree with the Weems and Lemon (1993) 
maps, which were developed using information from 30 borings. 
 Median VS values in the Quaternary sections from the 33 VS sites indicate that 
sediments are softer (or lower VS) adjacent to the rivers where sediments are younger.  In 
the middle of the peninsula where sediments are older (i.e., Wando Formation), 
sediments are stiffer (or higher VS).  These findings agree well with results obtained by 
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Figure 5.1  Map of Charleston peninsula and Drum Island showing locations of 264  
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Figure 5.4  Geologic map of Charleston Peninsula and Drum Island by Weems et al. (1997)  
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Figure 5.6  Structure contour map of top of Cooper Marl or base of Quaternary deposits.   
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CHAPTER SIX 
BUILDING DAMAGE AND DYNAMIC PERIODS IN THE  
CITY OF CHARLESTON DURING THE 1886 EARTHQUAKE 
 
6.1  Introduction 
Following the 1886 earthquake, there were various investigative studies 
conducted to document damages in and around Charleston.  Dutton (1889) summarized 
several firsthand accounts of damage in both the city of Charleston and the epicentral 
track between North Charleston and Summerville, South Carolina.  Based on Dutton’s 
(1889) report, Bollinger (1977) developed the map of earthquake effects shown in Figure 
6.1.  The mapped damage includes buildings and chimneys that were destroyed, 
horizontal ground displacement and liquefaction craterlet areas, which extended as far 
north as Summerville and as far southwest as Adams Run, South Carolina. 
In the city of Charleston, Dutton (1889) describes the damage as ranging from the 
total demolition of buildings to the falling of chimney tops to the shifting of plastering 
and foundations.  “There was not a building that was made of brick or stone that did not 
at least have a crack.  The majority of these cracks were either a permanent 
disfigurement, a source of danger, or a costly inconvenience.”  Almost 14,000 chimneys 
were broken off from houses at the roofline.  Also in the masonry buildings, windows 
and window sills were no longer in line with one another and many were damaged 
severely.  A photograph of building damage on Broad Street is presented in Figure 6.2.  
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Presented in Figure 6.3 is a photograph of the damaged St. Micahel’s church located at 
Broad and Meeting Streets. 
During the three months following the earthquake, the insurance companies doing 
business in Charleston commissioned a systematic structure-by-structure damage 
assessment in the city.  The inspection work was conducted by Mr. W. H. Parkins, an 
architect, and Mr. Fred S. Stewart, a builder.  It involved inspecting over 7,000 buildings.  
For each building, the address, owner, type of occupancy, construction materials, 
approximate dimensions, condition of walls, condition of chimneys, damage and needed 
repairs were recorded.   
Like Dutton (1889), the insurance company report, herein called the “insurance 
report”, documented that the greatest damage to the city was principally in the business 
portion of the city, on the wharves, and on the Battery.  The insurance report concluded 
that over 90% of the brick buildings were damaged to some extent.  The wooden frame 
buildings only suffered from falling chimneys, cracking of plaster, and shifting of the 
foundations.  Factories and mills suffered varying degrees of damages.  Churches 
suffered more than any other building type in the city. 
The insurance report was carefully studied during the 1980’s by sevaral 
investigators (e.g., Robinson and Talwani 1983; Lindbergh 1986; Marciano and Elton 
1986; Elton and Martin 1990) to further characterize building damage and to identify 
additional factors that contributed to damage.  Key aspects of these studies are discussed 






6.2  Damage Intensity Map by Robinson and Talwani (1983) 
 Robinson and Talwani (1983) examined the insurance report and developed a 
map of damage intensity for the Charleston peninsula in 1886 using the San Francisco 
Intensity scale.  The San Francisco scale, summarized in Table 6.1, was originally 
developed by Lawson et al. (1908) to describe damage in the 1906 San Francisco 
earthquake.  The San Francisco scale was chosen for the study of the Charleston 
earthquake over more commonly used intensity scales because it was defined entirely by 
damage of various structures.  It did not require any eyewitness reports of human 
perceptions during the earthquake.  Since this scale is more functional, it was more 
readily applied to the data in the insurance report than other intensity scales.  The San 
Francisco scale is based only on damage intensity while other scales, such as the Rossi-
Forel or the Modified Mercalli, describe shaking intensity.  Thus, the San Francisco scale 
appeared better suited for showing variations in damage on a local or city-wide scale, 
while the other scales appeared better suited for a regional scale.   
 Robinson and Talwani (1983) first created maps of 1886 damage to north-south 
walls and east-west walls of buildings in the city of Charleston.  The damage maps of the 
four walls were then combined, resulting in the damage intensity maps presented in 
Figure 6.4.    It can be seen in the figure that only grades B – E damage occurred in the 
city.  As discussed by Robinson and Talwani (1983), “no grade A damage occurred 
because the 1906 San Francisco earthquake was larger than the 1886 Charleston 
earthquake, and because in San Francisco the fault trace broke the surface near the city 




contributing to the lack of grade A damage is that the epicenter of the earthquake was 20 
km northwest of Charleston.” 
The most severe areas of damage occurred near the streets of Tradd and Meeting 
in the southeastern part of the city, as indicated in Figure 6.4.  The least affected areas of 
damage were north of Calhoun Street.  As described by Robinson and Talwani (1983), 
“All damage as severe as grades B or C occurred within pockets on a scale no larger than 
several city blocks.  The grade B damage occurred entirely in the oldest part of the city: 
in the commercial district and along the docks.  The commercial district between the 
pockets of grade B damage suffered grade C severity, as did the lower market area along 
Market Street and other pockets south of or along Calhoun Street.  Most of the peninsula 
south of Calhoun Street sustained damage as severe as grade D except for the western 
portion along the Ashley River.  In general, there was a greater amount of damage south 
of Calhoun Street than north of it.”  A somewhat similar damage distribution is given by 
Lindbergh (1986). 
 
6.3  Factors Controlling Damage 
 Several factors controlling 1886 damage have been identified or suggested.  These 
factors include: type of building construction, height of structure, type of ground, and 
thickness of Quaternary deposits.  These four factors are discussed individually in this 







6.3.1  Type of Building Construction 
 Robinson and Talwani (1983) also created a map showing spatial distribution of 
building construction type in the city using the information given in the insurance report.  
They stated, “Each building was marked on a base map as either brick or wooden frame.  
Buildings that were not listed as either were ignored as they comprised less than 10 
percent of the structures in Charleston.  Each block was then rated as brick if more than 
two-thirds of the buildings on the block were brick, frame if more than two-thirds of the 
buildings were frame, or mixed brick and frame if neither type had a two-thirds 
majority.”  The map of building construction type created by Robinson and Talwani 
(1983) is presented in Figure 6.5. 
 The heaviest concentration of brick buildings was in the commercial district of 
Charleston, roughly corresponding to the oldest part of the city (see Figure 6.5).  
Robinson and Talwani (1983) described the damage by location as follows, “The mixed 
brick and frame areas covered the rest of the southeastern portion of the peninsula and the 
higher ground in the middle of the peninsula north of the commercial district.  This 
included the dock areas, where many of the churches and public buildings, and much of 
the industry were located in Charleston in 1886.  The rest of the buildings in the 
peninsula were generally residential in nature and wooden frame buildings dominated.” 
 It can also be seen in Figure 6.5 that there is a strong correlation between the 
degree of damage and the occurrence of brick buildings.  As described by Robinson and 
Talwani (1983), “All but two pockets of the grades B, C, and D damage can be associated 
with brick or mixed brick and frame construction.  Also, the areas of Charleston that 




apparent in the southern half of the city along the Ashley River where the sharp fall off in 
the degree of damage corresponds to the change from mixed brick and frame construction 
to frame construction.  This correlation suggests that the type of building construction 
was an important factor affecting the degree of damage sustained in the Charleston 
earthquake.”  It was determined that 66 % of all brick buildings and 7 % of all wooden 
frame structures had some form of damage.   
 
6.3.2  Height of Structure 
Marciano and Elton (1986) examined the insurance report to assess the influence 
of height of structure on damage.  They categorized the nearly 7,000 buildings by degree 
of damage.  This was done from the descriptions and recommendations assigned to each 
building identified in the insurance report.  Marciano and Elton (1886) then assigned a 
numerical value from 1 to 6 to each building.  Where 1 represented no damage and 6 
represented total damage in their paper.  Presented in Table 6.2 is a simplified summary 
of their results.  Their results have been simplified in the table by reducing the number of 
damage categories from 6 (i.e., no damage, minor damage, lower intermediate state of 
damage, higher intermediate state of damage, severe damage, and total damage) to 3 (i.e., no 
to minor damage, intermediate damage, and severe to total damage).  
It can be seen in the upper half of Table 6.2 that 19-25 % the brick buildings with 
height > 13.6 m suffered severe to total damage, compared to 9-17 % of the shorter 
buildings.  In other words, 31-35 % of the brick buildings with height > 10.7 m suffered no to 
minor damage, compared to 37-45 % of the shorter buildings.  Thus, the taller masonry 
buildings experienced more severe damage by percentage than the shorter brick 




In the lower half of Table 6.2, there were 4369 timber framed buildings classified 
by height.  About 3-5 % of the buildings with height > 10.7 m suffered severe to total 
damage, compared to 1-5 % of the shorter buildings.  Or, about 80-83 % of the wood frame 
buildings with height >10.7 m suffered no to minor damage, compared to 81-87 % of the 
shorter buildings.  Thus, the taller wood frame buildings also experienced slightly more 
severe damage by percentage than the shorter wood frame buildings. 
These observations tend to disagree with the following statement of Marciano and 
Elton (1986, p. 330): “The values in [the table] indicate that there is no predominance of 
damage within any specific range of building heights.”  The author believes that the 
values in Table 6.2 provide evidence that greater damage occurred in the taller buildings.  
Based on this finding, it is likely that greater damage would have occurred in Charleston 
in 1886 had there been more tall buildings (heights > 10.7 m). 
 
6.3.3  Type of Ground 
Robionson and Talwani (1983) examined the effects that made ground may have 
had on the 1886 damage.  They considered made ground as “the land beneath the high 
tide level in 1790 that was shown with streets on it in the 1884 Sandborne map.”  The 
1790 coastline of the Charleston peninsula (after Halsey 1949) is shown in Figure 6.6.  
Robinson and Talwani (1983) noted that 69 % of the brick buildings and 7 % of the wood 
frame buildings constructed on made ground were damaged.  Whereas 63 % of the brick 
buildings and 0.5 % of the framed buildings constructed on solid ground were damaged.  
Thus, slightly greater damage occurred in the made ground (or fill) areas. 
 Also shown in Figure 6.6 are six sites of liquefaction, as presented by Robinson 




natural ground and three of the sites are located on made ground.  Based on the 
distributions of these six sites, Robinson and Talwani (1983) suggested that liquefaction 
may have also contributed to damage during the 1886 earthquake.  Further discussion of 
the effect of liquefaction on building damage is beyond the scope of this dissertation, and 
will be presented in another report. 
 
6.3.4  Thickness of Quaternary Sediments 
 Elton and Martin (1989), Chapman et al. (2006), and this study (see Chapter 7) 
have identified depth to the Quaternary-Tertiary boundary as a significant controlling 
factor of dynamic ground shaking in Charleston.  A comparison of the isopach map 
showing the thickness of Quaternary deposits developed in Chapter 5 and the Robinson 
and Talwani (1983) damage intensity map is presented in Figure 6.7.  The regions of 
greatest damage intensity (grade B) lie in areas where the thickness of Quaternary 
deposits is between 15 m and 20 m.  In areas where the Quaternary thickness is over 20 
m, the damage intensity ranges from high (grade C) to moderate (grade D).  These 
findings suggest that damage intensity is somewhat dependent on the thickness of 
Quaternary deposits. 
 
6.4  Matching Site and Building Periods 
 The four factors discussed above can be combined to approximate the dynamic 
periods of the Quaternary deposits and the buildings.  Greater damage is expected when 





6.4.1  Site Period 
 Simple soil deposits tend to resonate at natural periods, Tsoil, that can be 
calculated by (Kramer 1996):   
        Tsoil = 4H/Vs                    (6.1) 
where H is the thickness of the soil layer over rock, and Vs is the shear wave velocity of 
the soil.  Although Equation 6.1 is most appropriate for a single soil layer over hard rock, 
it can provide approximate values of Tsoil if the site is not too complex and average (or 
median) Vs is used. 
 Presented in Figure 6.8 is a contour map of approximate Tsoil for the Quaternary 
deposits based on Equation 6.1 and information from Chapter 5.  To develop this map, 
median values of Vs noted next to each test location in Figure 5.4 are assumed.  At all 
other test locations, overall median Vs values for the Quaternary given in Figure 5.5 are 
assumed based on the surficial geology (see Figure 5.4).  In addition, several sets of 
points are considered along the geologic boundaries and median Vs values of 120 m/s, 
160 m/s or 200 m/s are assumed where the surficial deposits are predominantly Qht, 
Qhes or Qws, respectively.  Finally, the values of H for the Quaternary at the various 
locations along the surficial geology boundaries are approximated using Figure 6.7.   
 It can be seen in Figure 6.8 that estimated values of Tsoil for the Quaternary 
deposits range from 0.2 s to 0.7 s.  The highest values of Tsoil occur adjacent to the rivers 
in the soft Qht deposits. The lowest values of Tsoil occur along the northern edge of the 
map, in the stiffer Qws deposits and where the depth to Marl is less than 10 m.  Across 
much of the peninsula, however, values of Tsoil are between 0.3 s and 0.6 s.  These 




by Elton and Martin (1989) for much of the peninsula based on site response analysis 
using program SHAKE (Schnabel et al. 1972).  
 
6.4.2 Building Period 
 Buildings also resonate at natural periods which can be approximated by 
(International Code Council 2000): 
            Tbldg = CT hn
0.75         (6.2) 
where Tbldg is the natural period of building, CT is a building type coefficient equal to 
0.049 for un-reinforced brick and/or wood buildings, and hn is the height of the building 
above the base in meters.   
 Based on the insurance report, building heights ranged from 2.4 m (a “shanty”) to 
22.9 m (a Lutheran Chapel) in 1886.  About 98% of the heights were less than 16.8 m 
(Marciano and Elton 1986), however.  Assuming 2.4 m to 22.9 m for the range of hbldg 
and 0.049 for the value of CT, the estimated range of Tbldg in Charleston at the time of the 
earthquake is 0.09 s to 0.51 s.  It should be noted that this estimated range of Tbldg is also 
significantly lower than the range of 0.5-1.5 s estimated by Elton and Martin (1989) using 
different assumptions. 
 Comparing the calculated ranges of Tbldg and Tsoil, a greater percentage of the 
buildings with Tbldg ≥ 0.3 s (or hbldg ≥ 11 m) should have experienced severe damage in 







6.4.3  Dynamic Ground Period and 1886 Damage Intensity 
 Presented in Figure 6.9 is the damage intensity map developed by Robinson and 
Talwani (1983) superimposed on the contour map of approximate fundamental periods of 
the Quaternary deposits.  Areas of severest damage (grade B) occur where Tsoil ranges 
from less than 0.3 s to about 0.45 s.  Lesser damage occurs in areas with Tsoil > 0.5 s.  
These findings agree with the range of matching (or overlapping) dynamic building and 
soil periods (0.3 to 0.5 s). 
 The severity of damage was much less north of State Highway 17, as shown in 
Figures 6.9.  One possible explanation is that during the 1886 earthquake the town limits 
were south of the highway.  Another possible explanation for this lack of severe damage 
is the fact that the majority of structures in these areas were wood framed.  Similar 
explanations can be given for the lack of major damage south of State Highway 17 and 
west of Rutledge Street.  Houses in this area were primarily constructed of wood.  Also, 
the fact that Tsoil was greater than 0.5 s is another explanation for the lack of damage. 
 Figure 6.10 shows the distribution of the 1886 building period (height) for the 
damage structures on the Charleston peninsula.  The distribution is based on the 
approximate limits of the 1886 Stockdell Insurance report.  The areas with building 
period greater than 0.3 seconds are located primarily adjacent to the intersections of King 







 Several factors contributed to building damage in the city of Charleston during the 
1886 earthquake.  Based on first-hand reports of previous building damage analysis by 
various researchers and analysis presented in this dissertation, these factors included:  
type of building construction, height of structure, type of ground, and thickness of 
Quaternary deposits.  Another apparent factor contributing, which was not analyzed in 
this dissertation, was liquefaction of soils.  The severest damage occurred where brick 
frame buildings were the predominant structure.  Sixty-five percent of brick frame 
buildings were damaged compared to only 7 % or wood frame buildings (Robinson and 
Talwani 1983).  Taller buildings experienced somewhat more damage by percentage than 
shorter buildings experienced damage.  In made ground areas, 69 % of brick buildings 
and 7 % of wood buildings.  Opposed to 63 % and 0.7 %, brick and wood buildings, 
respectively, that were constructed on solid ground.  Areas of severest damage were 
located where the thickness of Quaternary deposits ranged from 15 m to 20 m. 
 Using simple equations, approximate values of dynamic soil and building periods 
are determined for the Charleston peninsula.  A contour map of approximate fundamental 
periods for the Quaternary deposits is presented in Figure 6.8.  To develop this contour 
map, median values of Vs noted next to each test location in Figure 5.4 are assumed.  
Median Vs values for the Quaternary given in Figure 5.5 are assumed based on the 




m/s are also assumed along the geologic boundaries where the surficial deposits are 
predominantly Qht, Qhes or Qws, respectively.  Finally, the values of H for the 
Quaternary at the various locations along the surficial geology boundaries were 
approximated using Figure 6.7.  For much of the area shown in Figure 6.8 the range of 
Tsoil  is 0.3 s to 0.7 s.  These estimates of dynamic site periods are significantly lower than 
the range of 0.5 s to 1.5 s estimated by Elton and Martin (1989) based on dynamic site 
response analysis.    
 The estimated range of Tbldg in Charleston at the time of the 1886 earthquake is 
approximately 0.1 s to 0.5 s.  Based on a comparison with Tsoil values, a greater 
percentage of the buildings with Tbldg ≥ 0.3 s (or hbldg ≥ 11 m) should have experienced 
severe damage.  This agrees with field observations summarized in Table 6.2. 
 When the building damage intensity map by Robinson and Talwani (1983) is 
superimposed on the contour map of Tsoil, it is found that areas of greatest damage lie in 
areas where Tsoil ranges from less than 0.3 s and to about 0.45 s.  In Figure 6.9, these 
areas are along the downtown district of the peninsula and correspond to the mapped 
areas of violent (grade B) to very strong (grade C) damage intensity (Robinson and 
Talwani 1983).   
 The results suggest that mapping Tsoil based on the Quaternary deposits and 
Equation 6.1 is a useful approach in the Charleston region.  Areas where Tbldg and Tsoil 




Because many of the buildings that were damaged in 1886 were repaired and still in use, 
if a similar earthquake occurred today similar damage should be expected to take place 




Table 6.1  San Francisco Intensity Scale (Lawson et al. 1908, p. 224). 
             
 
Grade             Description      
 
      A  Very violent.  – Comprises the rending and shearing of rock masses, earth, 
  turf, and all structures along the line of faulting; the fall of rock from       
                        mountain sides; numerous land slips of great magnitude; consistent, deep,  
                        and extended fissuring in natural earth; some structures totally destroyed. 
 
      B   Violent.  – Comprises fairly general collapse of brick and frame buildings  
  when not unusually strong; serious cracking of brick work and masonry in  
  excellent structures; the formation of fissures, step faults, sharp   
  compression anticlines, and broad, wave-like folds in paved and asphalt- 
                        coated streets, accompanied by the ragged fissuring of asphalt; the   
                        destruction of foundation walls and underpinning structures by the   
                        undulation of the ground; the breaking of sewers and water-mains; the  
                        lateral displacement of streets; and the compression, distension, and  
               lateral waving or displacement of well-ballasted street-car tracks. 
 
      C  Very Strong.- Comprises brick work and masonry badly cracked, with  
                        occasional collapse; some brick and masonry gables thrown down; frame  
                        buildings lurched or listed on fair or weak underpinning structures, with  
  occasional falling from underpinning or collapse; general destruction of  
  chimneys and or masonry, brick or cement veneers; considerable cracking  
  or crushing of foundation walls. 
 
      D  Strong. – Comprises general but not universal fall of chimneys; cracks in  
  masonry and brick work; cracks in foundation walls, retaining walls, and  
  curbing; a few isolated cases of lurching or listing of frame buildings built  
  upon weak underpinning structures. 
 
     E  Weak.  – Comprises occasional fall of chimneys and damage to plaster,  
  partitions, plumbing, and the like. 





Table 6.2  Summary of building damage by height and type. (Modified from  
                 Marciano and Elton 1986). 
      
Percentage of Total Number 















Brick Buildings (Total Number = 1943) 
0.0 to 4.6 274 1 45 37 17 
4.6 to 7.6 1091 0 37 54 9 
7.6 to 10.7 284 0 38 49 13 
10.7 to 13.7 130 0 35 53 12 
13.7 to 16.8 80 0 31 50 19 
> 16.8 84 0 34 41 25 
Wood Frame Buildings (Total Number = 4369) 
0.0 to 4.6 1156 2 81 12 5 
4.6 to 7.6 2815 0 85 14 1 
7.6 to 10.7 241 0 87 12 1 
10.7 to 13.7 104 0 83 12 5 
13.7 to 16.8 34 0 82 15 3 










Marked horizontal displacement 
 




Figure 6.1  Map of 1886 effects near Charleston by Bollinger (1977). 



















Figure 6.2  View of the south side of Broad Street looking east (Dutton 1889; South  
                  Caroliniana Library Archives). 
 
 
Figure 6.3  St. Michael’s Church after it was damaged by the 1886 earthquake  
                  (Peters and Herrmann 1986; South Caroliniana Library Archives). 
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Figure 6.4  Map of damage intensity on Charleston peninsula following the 1886  
                  earthquake by Robinson and Talwani (1983).  The grade of damage is  
                  defined by the San Fransico scale in Table 6.1.   






































Figure 6.5  Spatial comparison of damage intensity with building construction type, as  





Figure 6.6  Map showing the 1790 coastline of the Charleston peninsula (after Halsey 
                  1949) and six sites of liquefaction as presented by Robinson and Talwani  










1886 Damage Intensity  
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Figure 6.7  Comparison of the isopach map showing the thickness of Quaternary deposits  
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Figure 6.8  Contour map of approximate fundamental periods for the Quaternary deposits. 
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Figure 6.9  Comparison of the contours of approximate fundamental periods for the  
                  Quaternary deposits with the damage intensity by Robinson and Talwani  
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Figure 6.10  Map of fundamental building period (or height) for structures on Charleston  
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SITE RESPONSE PARAMETRIC STUDY*
  
 To illustrate the effects VS and thickness of Quaternary deposits have on seismic 
ground response and to provide additional support to the conclusions of Chapter 6, the 
dynamic response of several generalized soil/rock models typical of some locations in the 
Charleston quadrangle are analyzed in this chapter using hypothetical hard rock outcrop 
motions.  
 
7.1  Soil/Rock Models 
Selected generalized soil/rock models to depth of 50 m that are used in the 
parametric study are illustrated in Figures 7.1(a) - 7.1(d).  The models illustrated in the 
figures consist of 0 m, 10 m, 20 m, and 30 m of Quaternary sediment, respectively, with 
mean VS values of 110 m/s or 190 m/s.  Additional soil/rock models considered, but not 
illustrated in Figure 7.1, consist of 7 m, 13 m, 15 m, and 17 m of Quaternary sediment.  
The models with mean VS of 110 m/s for the Quaternary section represent the range in 
thicknesses of Holocene and late Pleistocene deposits in the Charleston quadrangle.  The 
models with mean VS of 190 m/s for the Quaternary section represent the range in 
thicknesses of the Wando Formation deposits. 
                                                 
* An earlier form of this chapter has been published in a technical paper (Andrus, R. D., C. D. Fairbanks, J. 
Zhang, W. Camp, T. J. Casey, T. J. Cleary, and W. B. Wright.  “Shear-Wave Velocity and Seismic 
Response of Near-Surface Sediments in Charleston, South Carolina,” Bulletin of the Seismological Society 
of America, 2006). 
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Specific engineering properties assumed are given in Table 7.1 for the soil/rock 
model with mean VS of 190 m/s in the top 10 m.  A total of 133 soft-soil to soft-rock 
layers are assumed in all models analyzed.  Assumed thicknesses of the layers range 1 m 
to 8.5 m. 
It should be noted that no direct VS measurements are currently available below a 
depth of 110 m in the Charleston area.  The values of VS below a depth of 100 m given in 
Table 7.1 are based on previous approximate models.  Wheeler and Cramer (2000) 
suggested a linearly increasing profile from a depth of 110 m to a depth of 808 m, where 
VS is 1300 m/s at 808 m.  Silva et al. (2003) assumed VS increases from about 762 m/s at 
152 m to about 914 m/s at 213 m, and remains constant until a depth of 1219 m.  
Chapman et al. (2006) assumed a similar profile, but a smaller constant VS value was 
used for the depths between 510 m and 830 m.  For this study, the deep VS profile is 
assumed to increase linearly from 800 m/s at 100 m to 920 m/s at 808 m.  This profile is 
placed on top of pre-Cretaceous basement rock, which is represented by a uniform half-
space with VS of 3.5 km/s, as suggested by Chapman et al. (2006). 
The groundwater table in Charleston is shallow.  For the general soil/rock models, 
it is assumed to be 1.5 m below the ground surface for mean effective stress (σ'm) 
calculations.  Also assumed for σ'm calculations, are coefficients of at rest earth pressures 
(σ'0, = horizontal effective stress divided by vertical effective stress) of 0.5 in Quaternary 




7.2  Normalized Shear Modulus and Material Damping Relationships 
Small-strain shear-wave velocity is directly related to small-strain shear modulus 
(Gmax) by:  
2
Smax VG ρ=                 (7.1) 
where ρ is the mass density of soil (or total unit weight of the soil divided by the 
acceleration of gravity).  At moderate to high strains, the secant shear modulus (G) is 
used to represent average soil stiffness.  It is common practice to normalize G by dividing 
by Gmax.  A plot of the variation of G/Gmax with shear strain (γ) is called a normalized 
shear modulus reduction curve. 
Normalized shear modulus and material damping ratio curves initially used to 
describe nonlinear behavior of the soil/rock model summarized in Table 7.1 are shown in 
Figures 7.2 and 7.3.  These curves are based on the predictive relationships developed by 
Zhang et al. (2005) using resonant column and torsional shear test results for 8 
Quaternary and 66 Tertiary and older undisturbed soil specimens from primarily the 
South Carolina Coastal Plain.  Variables used to define the relationships for G/Gmax are:  
shear-strain amplitude, confining stress, and plasticity index (PI).  The material damping 
ratio (D) relationships are defined in terms of a polynomial function of G/Gmax plus a 
minimum damping ratio.  The minimum damping ratio depends on confining stress and 
PI.  Values of PI used in this study are based on the general soil types assumed in Table 
7.1. 
Based on evaluations of laboratory data and analytical studies, Stokoe et al. 
(1995) suggested that the estimated field σ'm should be within about ±50 % of the actual 
values when selecting G/Gmax and D curves for design.  Therefore, the approach used in 
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this study is to divide the soil/rock models into several major units.  Average values of 
σ'm for each major unit are calculated and compared with σ'm values calculated for each 
layer within the unit.  If the σ'm value for each layer is within ±50 % of the average value 
for the major unit, then the average σ'm is assigned to all layers within the unit.  
Otherwise, the unit is subdivided and new average σ'm values are calculated.  According 
to this approach, the generalized soil/rock model can be divided into seven major units.  
The corresponding average σ'm values for the seven major units are listed in Table 7.1. 
As observed by Zhang et al. (2005), the curves for Quaternary soils generally 
exhibit more linearity (i.e., G/Gmax values are closer to 1.0 at higher shear strain levels) 
than older soils at the same confining pressure.  This trend is not observed in Figure 7.2 
because σ'm is much higher in the Tertiary sediments than in the Quaternary sediments.  
Specimens from both age groups exhibit significant variations in the G/Gmax and D curves 
with confining stress, and moderate variations with PI. 
 
7.3  Input Rock Outcrop Motions 
Because actual strong ground motion records are currently not available for 
Charleston, synthetic rock outcrop motions are generated using the point-source 
stochastic model by Boore (2000).  The synthetic motions are based on the same scenario 
earthquake parameters assumed by Chapman et al. (2006).  These parameters are:  Mw = 
6.4, 6.7, 7.1 and 7.5; epicentral distance = 30 km; focal depth = 10 km; crustal velocity = 
3.5 km/s; crustal density = 2.6 gm/cm3; stress parameter = 100 bars; crustal quality factor, 
Q = 680f 0.36, where f = frequency in Hz; free surface factor = 2.0; radiation pattern = 
0.55; and component partition factor = 0.707.  These parameters are consistent with a 
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source in the area of maximum shaking in 1886, located near Summerville, SC, and a site 
located in downtown Charleston.   
The synthetic ground motions for magnitudes of 6.4 and 7.1 are the primary focus 
of this study.  A magnitude of 7.1 is the middle range value of estimates for the 1886 
event.  Based on 20 realizations for each magnitude, the mean peak ground accelerations 
(PGAs) associated with these synthetic motions are 0.10 g and 0.30 g, respectively 
(Chapman et al. 2006).  The later PGA agrees well with the 0.3-0.4 g predicted to have 
occurred in Charleston during the 1886 earthquake (Silva et al. 2003).  The synthetic 
motions are scaled to provide two input pre-Cretaceous rock outcrop motions with PGAs 
of 0.10 g and 0.30 g.  A PGA of 0.1 g is selected to evaluate the effects of lower intensity 
input motion on site response.  Both ground motion times series are presented in Figure 
7.4.   
 
7.4  Analysis Method 
The site response analysis is conducted using computer program DEEPSOIL 
(Hashash and Park 2002; Park and Hashash 2004; Hashash 2005).  DEEPSOIL assumes 
vertically propagating seismic waves, and is used because it allows for soil/rock models 
with over 100 layers.  Also, DEEPSOIL can perform response analysis with both 
equivalent linear frequency domain and nonlinear time domain formulations.   
The equivalent linear formulation is initially used in the analysis because at shear 
strains greater than about 0.1 % the nonlinear formulation of DEEPSOIL predicts 
significantly higher damping values than were observed by Zhang et al. (2005) for South 
Carolina Coastal Plain sediments (see Figure 7.3).  The equivalent linear formulation 
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should be adequate because the ground surface in Charleston is fairly flat, and the 
computed ground accelerations and shear strains computed in most of the models are < 
0.4 g and < 2 %, respectively, the approximate limits suggested by Kramer and Paulsen 
(2004).  Computed maximum accelerations for each layer do not exceed 0.31 g in any of 
the models; computed maximum shear strains for each layer are all less than 1.8 % using 
the equivalent linear formulation.  After performing the analysis with the equivalent 




7.5.1 Equivalent Linear Formulation 
 
Plotted in Figure 7.5 are calculated peak ground surface accelerations for the 
selected soil/rock models shaken by the two input motions and assuming the equivalent 
linear formulation of DEEPSOIL.  PGAs for the model sites shaken by the Mw = 7.1 
motion are 0.8 to 1.0 times the peak acceleration of the input rock outcrop motion (0.3 g), 
indicating some deamplification of ground motions for most profiles.  It should be noted, 
however, that when larger Mw (say 7.3, or longer duration) motions are used the amount 
of deamplification is less and amplification of PGA can be significant (see Andrus et al. 
2005).  For the model profiles shaken by the Mw = 6.4 motion, PGAs plotted in Figure 7.5 
are 1.0 to 1.5 times the peak acceleration of the input rock outcrop motion (0.1 g), 
indicating amplification at nearly all model sites.  Again, it should be noted that 
amplification will be more when larger Mw motions are used (see Andrus et al. 2005).  
These results are generally consistent with the observations of Idriss (1990), who 
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concluded that PGAs at soft soil sites are likely to be greater than on rock sites at low to 
moderate acceleration levels (less than about 0.4 g).   
It is also interesting to note that the calculated PGAs are generally greater for sites 
having stiffer Quaternary sections (i.e., average VS = 190 m/s), than softer Quaternary 
sections (i.e., average VS = 110 m/s).  This finding is in agreement with the site response 
study conducted by Chapman et al. (2006), who observed that ratios of computed PGA to 
peak rock outcrop acceleration tend to be greater (for a given input motion level) on sites 
with higher average VS in the upper 30 m, and these sites tend to be sites where the depth 
to the Cooper Marl is small. 
Shown in Figures 7.6 and 7.7 are median Fourier spectrum ratios of the computed 
surface motions to the rock outcrop motions for Mw of 7.1 and 6.4, respectively.  It is 
noted that amplification occurs in the band of frequencies from around 0.1 Hz to as high 
as 5 Hz for the spectrum ratios based on the Mw = 7.1 motion (see Figure 7.6).  For the 
spectrum ratios based on the Mw = 6.4 motion, amplification occurs in the band of 
frequencies from around 0.1 Hz to over 10 Hz (see Figure 7.7).  All spectrum ratio plots 
exhibit the first harmonic peak near 0.25 Hz.  The second harmonic peak occurs between 
0.6 Hz and 0.8 Hz, with greatest variability exhibited by the softer Quaternary sediment 
profiles (see Figures 7.6(a) and 7.7(a)).  The results are in general agreement with the 
previous studies by Silva et al. (2003) and Chapman et al. (2006) for the Charleston area. 
Acceleration response spectra for a single-degree-of-freedom structure at the 
ground surface determined using the Mw = 7.1 rock motion are shown in Figure 7.8.  As 
can be seen in Figure 7.8(a), only the response spectra for the model site with the softer 
Quaternary section having thickness of 10 m exhibits peak spectral acceleration, Sa, 
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values above 0.81 g.  The period range of this peak is 0.7 s to 0.9 s, and corresponds to 
the profile with 10 m of Quaternary sediment.  In Figure 7.8(b), the response spectra for 
the model sites with the stiffer Quaternary sections having thicknesses of 10 m and 20 m 
exhibit Sa values above 0.81 g.  The ranges of periods corresponding to the major peaks 
are 0.24-0.42 s and 0.4 s/0.65-0.91 s, respectively.  These results illustrate the variations 
in predicted spectral accelerations that can occur, depending on the stiffness and 
thickness of the Quaternary section.  
Shown in Figure 7.9 are acceleration response spectra determined using the Mw = 
6.4 rock motion.  It is interesting to observe a major peak in the response spectra again 
between 0.7 s and 0.9 s for the softer Quaternary section with thickness of 10 m (see 
Figure 7.9(a)).  Of the sites with the stiffer Quaternary section, the highest Sa peak occurs 
at a period around 0.25 s and corresponds to the 10-m-thick section (see Figure 7.9(b)).  
Less pronounce peaks of Sa occur around 0.4 s and 0.7-0.9 s for the 20-m-thick and 30-
m-thick sections (see Figure 7.9(b)).   
The results are also in good general agreement with previous analysis by Andrus 
et al. (2005) using similar input variables and computer program SHAKE (Schnabel et al. 
1972; Idriss and Sun 1992), which is also based on an equivalent linear formulation.  The 
results, however, suggest somewhat lower dynamic site periods then those previously 
mapped by Elton and Martin (1989).  Elton and Martin (1989) mapped dynamic site 
periods of about 0.5 s to 1.0 s for areas in Charleston with stiffer Quaternary sections, and 
1.0 s to over 2.0 s for areas with softer Quaternary sections.  The somewhat lower 
dynamic periods estimated in this chapter may be explained by the improved VS 
measurements and nonlinear soil properties not available at the time of Elton and 
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Martin’s (1989) study.  Elton and Martin (1989) assumed simple relationships to estimate 
VS from index properties and used the Seed and Idriss (1970) modulus reduction curves 
for clays.  Also, they assumed the top of Marl as the top of hard rock for their analyses 
using program SHAKE.  Thus, the response spectra presented in Figures 7.8 and 7.9 
represent a reasonable range for Charleston based on the equivalent linear formulation.   
Overall the estimates gathered from the period of the response spectra are closer 
to the range of 0.5 s to 1.5 s estimated by Elton and Martin (1989) based on dynamic site 
response analysis.   The improved in situ VS measurements and nonlinear soil properties 
used in this chapter may explain the difference in predicted spectral periods.  Overall the 
results produced by the data used in this study may be better than Elton and Martin 
(1989).  Their results were also limited due to the use of a smaller dataset.   
 
7.5.2 Nonlinear Analysis 
 The nonlinear normalized shear modulus and time domain formulation damping 
curves predicted by DEEPSOIL are shown in Figures 7.10 and 7.11, respectively.  The 
G/Gmax and damping curves are similar to curves presented in Figures 7.2 and 7.3, 
except the damping values above about 0.1 % strain are greater than values shown in 
Figure 7.3.  This apparent over prediction of damping at strains greater than 0.1 % is a 
result of modeling assumptions made for DEEPSOIL’s non-linear formulation. 
 Plotted in Figure 7.12 are calculated peak ground surface accelerations for the 
selected soil/rock models shaken by the two input motions and assuming the nonlinear 
formulation of DEEPSOIL.  PGAs for the model sites shaken by the Mw = 7.1 motion are 
0.7 to 1.0 times the peak acceleration of the input rock outcrop motion (0.3 g), indicating 
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some deamplification of ground motions for most profiles.  For the model profiles shaken 
by the Mw = 6.4 motion, PGAs are 0.9 to 1.34 times the peak acceleration of the input 
rock outcrop motion (0.1 g), indicating some amplification of ground motions for most 
profiles.  These predicted PGAs are similar to values predicted using the equivalent linear 
formulation (see Figure 7.5). 
Shown in Figures 7.13 and 7.14 are median Fourier spectrum ratios of the 
computed surface motions to the rock outcrop motions for Mw of 7.1 and 6.4, 
respectively.  It is noted that amplification occurs in the band of frequencies from around 
0.1 Hz to as high as 20 Hz for the spectrum ratios based on both motions.  All spectrum 
ratio plots exhibit the first harmonic peak near 0.26 Hz.  The second harmonic peak 
occurs between 0.5 Hz and 0.9 Hz, with greatest variability exhibited by the softer 
Quaternary sediment profiles (see Figures 7.13(a) and 7.14(a)).   
When comparing Figures 7.6 and 7.7 with Figures 7.13 and 7.14, there are various 
similarities and differences that can be seen.  The primary similarity is that the first 
harmonic peak occurs at a frequency of 0.25 Hz to 0.26 Hz for all four figures.  The 
primary difference is that the range of amplification extends to about 20 Hz for Figures 
7.13 and 7.14, while it extends to only 10 Hz for Figures 7.6 and 7.7.  The greater scatter 
in Fourier amplitude ratios in Figures 7.13 and 7.14 is a consequence of having a 
hysteretic model whereby the stiffness changes quickly upon unload and reload (Y. 
Hashash, personal communication, September 17, 2006). 
Shown in Figure 7.15 are acceleration response spectra for a single-degree-of-
freedom structure at the ground surface determined using the Mw = 7.1 rock motion.  As 
can be seen in Figure 7.15(a), only the response spectra for the model site with the softer 
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Quaternary section having thickness of 10 m exhibits peak spectral acceleration, Sa, 
values above 0.8 g.  The period range of this peak is 0.64 s to 1.0 s.  In Figure 7.15(b), the 
response spectra for the model sites with the stiffer Quaternary sections having 
thicknesses of 10 m and 20 m exhibit Sa values above 0.8 g.  The ranges of periods 
corresponding to the major peaks are 0.25-0.4 s and 0.65-0.91 s, respectively.    
Shown in Figure 7.16 are acceleration response spectra determined using the Mw 
= 6.4 rock motion.  The major peak in the response spectra is between 0.68 s and 0.91 s 
for the softer Quaternary section with thickness of 10 m (see Figure 7.16(a)).  Of the sites 
with the stiffer Quaternary section, the highest Sa peak occurs at a period around 0.25 s 
and corresponds to the 10-m-thick section (see Figure 7.16(b)).  Less pronounced peaks 
of Sa occur around 0.4 s and 0.7-0.9 s for the 20-m-thick and 30-m-thick sections (see 
Figure 7.16(b)).   
Comparisons between results based on the equivalent linear formulation (Figures 
7.8 and 7.9) and the nonlinear formulation (Figures 7.15 and 7.16) of DEEPSOIL 
indicate good general agreement.  Spectral values for the 0 m thick Quaternary section 
and based on the non-linear formulation are, however, notably less than values base on 






7.6  Discussion 
In addition to showing the effects VS and thickness of Quaternary deposits have 
on seismic ground response, the results presented above provide an opportunity to 
evaluate the accuracy of the simple relationship expressed by Equation 6.1 for predicting 
dynamic ground periods.  Considering the combined Quaternary and Tertiary profile 
down to pre-Cretaceous hard rock, which is at a depth of about 808 m in the vicinity of 
downtown Charleston, and assuming a weighted average VS of 814 m/s, the approximate 
first mode site period is 3.97 s based on Equation 6.1.  This period, herein called Tsite, 
corresponds to a frequency (=1/period) of 0.25 Hz.  A fundamental frequency of 0.25 Hz 
agrees well with the first amplitude ratio peak at 0.25 – 0.26 Hz seen in Figures 7.6, 7.7, 
7.13 and 7.14.   
 For the fundamental period of just the Quaternary deposits, as estimated in 
Chapter 6 using Equation 6.1, values of Tsoil are 0.36 s, 0.73 s and 1.09 s for thicknesses 
of 10 m, 20 m and 30 m, respectively, and VS of 110 m/s.  These periods correspond to 
frequencies of 2.8 Hz, 1.4 Hz and 0.92 Hz, respectively.  Although it is not likely that the 
amplitude ratio peak at these frequencies in Figures 7.6(a), 7.7(a), 7.13(a) and 7.14(a) are 
purely due to the Quaternary deposits, they should be related.  They should also be 
related to frequencies (or periods) corresponding to peaks in the response spectra plots.  
In the response spectra plots (see Figures 7.8(a), 7.9(a), 7.15(a), and 7.16(a)), these three 
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values of Tsoil are 0 % to nearly 100 % less than periods at the major peaks in spectral 
acceleration. 
 For VS of 190 m/s and Quaternary thicknesses of 10 m, 20 m, and 30 m, values of 
Tsoil (or frequencies) are 0.21 s (4.8 Hz), 0.42 s (2.4 Hz) and 0.63 s (1.6 Hz), respectively, 
based on Equation 6.1.  Again, the amplitude ratios in Figures 7.6(b) and 7.7(b) exhibit 
peaks around these frequencies.  In the corresponding response spectra plots (see Figures 
7.8(b), 7.9(b), 7.15(b) and 7.16(b)), these three Tsoil values are 0 % to as much as 70 % 
lower than periods at the major peaks in spectral acceleration. 
 The comparison presented above indicates that Tsoil (based on Equation 6.1 and 
characteristics of the Quaternary sections) under predicts periods corresponding to peaks 
in response spectra by as much as 100 % for the softer (i.e., VS = 110 m/s) surficial soils 
and as much as 70 % for the stiffer (i.e., VS = 190 m/s) surficial soils.  Thus, values of 
Tsoil computed in Chapter 6 should be considered minimum values.  If periods 
corresponding to peaks in the response spectra are used, the overlap between significant 
ground periods and Tbldg is less than the overlap between Tsoil and Tbldg.  This possible 
lesser overlap might further explain why more damage did not occur in Charleston in 
1886.   
7.7  Summary 
A parametric study is conducted in this chapter to evaluate the effects that VS and 
thickness of Quaternary deposits display on seismic site response, and to determine more 
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rigorously the dynamic ground periods.  For the parametric study, several generalized 
soil/rock models typical of some locations in Charleston are considered.  Mean VS values 
of 110 m/s or 190 m/s are assumed for the with Quaternary section with thicknesses of 0 
m, 10 m, 20 m and 30 m, respectively.  Two synthetic acceleration time histories for 
earthquake magnitudes of 6.4 and 7.1 are employed as input rock outcrop motions.  
G/Gmax and damping curves developed by Zhang et al. (2005) are used directly in the 
equivalent linear formulation of the site response program DEEPSOIL and are the basis 
for the soil parameters required by the nonlinear time domain formulation.   
The results of the site response analysis based on the equivalent linear formulation 
and nonlinear formulation are summarized in Figures 7.5 – 7.9 and Figures 7.12 – 7.16, 
respectively.  The first amplitude ratio peak at 0.25 – 0.26 Hz represents the fundamental 
site frequency for the entire profile down to the depth of hard rock at 808 m (see Figures 
7.6, 7.7, 7.13 and 7.14).  Amplification of the spectrum ratios occurs in the band of 
frequencies from around 0.1 Hz to as high as 5 Hz based on the Mw = 7.1 motion (see 
Figure 7.6).  For the Mw = 6.4 motion, amplification occurs in the band of frequencies 
from around 0.1 Hz to over 10 Hz (see Figure 7.7).  Presented in Figures 7.13 and 7.14 
are median Fourier spectrum ratios of the computed surface motions to the rock outcrop 
motions for Mw of 7.1 and 6.4, respectively, based on the nonlinear time domain analysis.  
It is noted that amplification of the spectrum ratios occurs in the band of frequencies from 
around 0.1 Hz to as high as 20 Hz based on both motions.  Overall the results from both 
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formulations are very similar.  The first harmonic peak of 0.25 - 0.26 Hz in the amplitude 
ratio plots agrees well with the overall site period predicted using simple procedures 
(Equation 6.1).   
Shown in Figures 7.8 and 7.15, and in 7.9 and 7.16 are acceleration response 
spectra for a single-degree-of-freedom structure at the ground surface determined using 
the Mw = 7.1 and Mw = 6.4 rock motion, respectively.  For the profiles with 10 m of 
Quaternary sediments, the first major peak in the response spectra occur at periods in the 
range of 0.65 s to 0.95 s.  For the profiles with 20 m of Quaternary sediments having VS = 
110 m/s and 190 m/s, the ranges of periods for major peaks are 0.3 s to 0.44 s and 0.6 s to 
0.95 s, respectively. 
A comparison of periods corresponding to peaks in response spectrum and Tsoil 
based on simple proceedings (see Equation 6.1) is presented.   Values of Tsoil are as much 
as 100 % lower than periods corresponding to peaks in the response spectra for the softer 
(i.e., VS = 110 m/s) surficial soils, and as much as 70 % lower than periods in the 
response spectra for the stiffer (i.e., VS = 190 m/s) surficial soils.  Thus, the contour map 
of Tsoil presented in Figure 6.8 should be considered as minimum estimates of periods 
corresponding to peaks in response spectra. 
If the periods corresponding to peaks in the response spectra are considered the 
overlap between ground periods and Tbldg is less than the overlap between Tsoil and Tbldg.  
This finding might further explain why more damage did not occur in the taller buildings 
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in Charleston in 1886.  Because most of the buildings in Charleston are less than 20 m 
high, the use of Tsoil as a simple prediction appears to be a conservative approach for 




























Modulus, G/Gmax, and 
Damping, D, Curves 
Used 
 
1 1.0 190 18.2 
2 1.0 190 18.2 
3 1.0 190 18.2 
15 SP-SC Quaternary, plasticity index (PI) = 15 % 
4-5* 1.0 190 18.2 
6-7 1.0 190 18.2 
8-10 1.0 190 18.2 
50 SP-SC Quaternary, PI=15 % 
11-20 1.0 400 18.5 
21-25 1.0 400 18.5 
26-30 1.0 435 18.5 
31-32 3.0 435 18.5 
220 CH Tertiary and older,  PI=50 % 
33-37 4.0 435 18.5 
38-41 5.0 530 18.9 
42-45 6.0 660 18.9 
600 CL Tertiary and older,  PI=15 % 
46-49 8.0 810 19.6 
50-53 8.0 815 19.6 
54-57 8.0 820 19.6 
1400 Limestone Tertiary and older,  PI=15 % 
58-65 8.0 830 22.5 
66-75 8.0 840 22.5 
76-85 8.0 850 22.5 
86-95 8.0 860 22.5 
3800 Sand Tertiary and older,  PI=0 % 
96-102 8.0 870 22.5 
103-110 8.0 880 22.5 
111-117 8.0 890 22.5 
118-125 8.0 900 22.5 
126-133 8.5 910 22.5 
7500 Sand Tertiary and older,  PI=0 % 
134 Half-space 3500 22.5 -- Rock -- 




























































Figure 7.1.  Generalized V S  profiles of top 50 m used in site response parametric study, 
                   assuming thickness of Quaternary section is (a) 0 m, (b) 10 m, (c) 20 m, and 
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Figure 7.2.  Selected G/G max  – log  γ  curves used in initial site response analysis.  
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Figure 7.3.  Selected D  – log γ  curves used in initial site response analysis. 
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Figure 7.4.  Synthetic input rock outcrop motions for (a) M w = 6.4 and PGA = 0.1 g,  
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Figure 7.5.  Comparison of rock outcrop PGAs with predicted ground surface PGAs based   
                   on the equivalent linear formulation of DEEPSOIL.  
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Figure 7.6.  Variations of median Fourier amplitude ratio for sites with Quaternary  
                   sediment having V s  of (a) 110 m/s and (b) 190 m/s shaken by synthetic 
                   motion for M w  = 7.1 and PGA = 0.3 g based on the equivalent linear 



























































Figure 7.7.  Variations of median Fourier amplitude ratio for sites with Quaternary 
                   sediment having V s  of (a) 110 m/s and (b) 190 m/s shaken by synthetic   
                   motion for M w  = 6.4 and PGA = 0.1 g based on the equivalent linear 



























Figure 7.8.  Variations in spectral acceleration for sites with Quaternary sediment 
                   having V s  of (a) 110 m/s and (b) 190 m/s shaken by synthetic motion 
                   for M w  = 7.1 and PGA = 0.3 g based on the equivalent linear formulation 
                   of DEEPSOIL.
Spectra for 5 % damping































































Figure 7.9.  Variations in spectral acceleration for sites with Quaternary sediment 
                   having V s  of (a) 110 m/s and (b) 190 m/s shaken by synthetic motion for 
                   M w  = 6.4 and PGA = 0.1 g based on the equivalent linear formulation of 
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Figure 7.10.  Selected G/G max  – log  γ  curves used in site response analysis based on 
                     the non-linear formulation of DEEPSOIL.  
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Figure 7.11.  Selected D  – log γ  curves predicted by DEEPSOIL and used in non-
                     linear site response analysis.
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Figure 7.12.  Comparisons of rock outcrop PGAs with predicted ground surface PGAs based 
                     on the non-linear formulation of DEEPSOIL.
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Figure 7.13.  Variations of median Fourier amplitude ratio for sites with Quaternary  
                     sediment having V s  of (a) 110 m/s and (b) 190 m/s shaken by synthetic  
                     motion for M w  = 7.1 and PGA = 0.3 g based on the non-linear formulation   























































Figure 7.14.  Variations of median Fourier amplitude ratio for sites with Quaternary 
                     sediment having V s  of (a) 110 m/s and (b) 190 m/s shaken by synthetic   
                     motion for M w  = 6.4 and PGA = 0.1 g based on the non-linear formulation  





























































Figure 7.15.  Variations in spectral acceleration for sites with Quaternary sediment 
                     having V s  of (a) 110 m/s and (b) 190 m/s shaken by synthetic motion for 
                     M w  = 7.1 and PGA = 0.3 g based on the non-linear formulation of 
                     DEEPSOIL.
Spectra for 5 % damping
Thickness of 
Quaternary



























































Figure 7.16.  Variations in spectral acceleration for sites with Quaternary sediment 
                     having V s  of (a) 110 m/s and (b) 190 m/s shaken by synthetic motion   
                     for M w  = 6.4 and PGA = 0.1 g based on the non-linear formulation of 
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SUMMARY AND RECOMMENDATIONS 
 
8.1 Summary 
 Subsurface information from over 300 investigation sites in the Charleston area 
are gathered as part of this study to 1) characterize average VS in the upper 30 m; 2) 
characterize VS of major subsurface geologic units; 3) map the thickness of Quaternary 
deposits on the Charleston peninsula; and 4) determine dynamic ground periods.  Values 
of average VS in the upper 30 m are determined from 107 VS test sites.  Mean values of 
VS30 are 181 m/s, 229m/s, 236 m/s, 243 m/s, and 307m/s for the Artificial fill, Holocene-
age sediment, Holocene-Pleistocene sediment, Wando Formation, and Ten Mile Hill 
beds, respectively.  Assuming that the data are representative, approximately 98 % of the 
greater Charleston area is NEHRP site class D, E or F. 
Measurements of VS from 91 test sites are separated into six major subsurface 
geology groups.  The six groups are:  1) Artificial fill and Phosphate spoils, 2) Holocene 
and Holocene-Pleistocene deposits, 3) the Wando Formation, 4) the Ten Mile Hill beds, 
5) the Penholoway Formation and the Daniel Island beds, and 6) Tertiary deposits.  
Assuming log-normal distributions and no depth dependencies, mean values calculated 
for the six major geologic units are 141 m/s, 108 m/s, 190 m/s, 178 m/s, 309 m/s, and 393 
m/s, respectively.  Compiled VS data from the Tertiary deposits are further divided into 
five depth intervals from 0 - 25 m, > 25 – 55 m, > 55 – 75 m, > 75 – 100 m, and > 100 – 
110 m.  Mean values calculated for the five sections of Tertiary deposits are 393 m/s, 436 
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m/s, 553 m/s, 670 m/s and 814 m/s, respectively.  These mean VS values are similar to 
median values. 
 Information from 264 investigation sites is used to develop a structure contour 
map of the top of Tertiary beneath of Charleston peninsula and Drum Island.  The 
structure contour map reveals a paleochannel system incised into the Marl that occurred 
sometime before the deposition of the Wando Formation.  From the structure map an 
isopach map showing the approximate thickness of Quaternary deposits is developed.  
Quaternary thickness across much of the area is between 10 m and 24 m, with the 
thickest sections in the southern half of the peninsula.  These maps generally agree with 
the Weems and Lemon (1993) maps, which were developed using information from 30 
borings. 
Using simple equations, approximate values of dynamic soil and building periods 
are determined for the peninsula.  A contour map of approximate fundamental periods for 
the Quaternary deposits is presented in Figure 6.8.  For much of the area the range of Tsoil 
is 0.3 s to 0.7 s.  The estimated range of Tbldg in Charleston at the time of the 1886 
earthquake is 0.09 s to 0.51 s.  The overlap between the two ranges indicate that a greater 
percentage of the buildings with Tbldg ≥ 0.3 s (or hbldg ≥ 11 m) should have experienced 
severe damage in 1886.  This finding agrees with building damage field observations 
summarized by Marciano and Elton (1986).  It is also found that areas of greatest damage 
mapped by Robinson and Talwani (1983) lie in areas where Tsoil ranges from less than 0.3 





A parametric study is conducted to evaluate the effects that VS and thickness of 
Quaternary deposits display on seismic site response, and to determine more rigorously 
the ground periods.  The results from both the equivalent linear and the non-linear time 
domain formulations of the site response program DEEPSOIL indicate the first amplitude 
ratio peak occurs at 0.25 – 0.26 Hz, which represents the fundamental site frequency for 
the entire profile down to the depth of hard rock at 808 m.  This finding agrees well with 
the site period predicted using simple procedures (Equation 6.1). 
A comparison of periods corresponding to peaks in response spectrum and 
dynamic periods for the Quaternary based on simple proceedings (see Equation 6.1), 
indicates that values of Tsoil are as much as 100 % lower than periods corresponding to 
peaks in the response spectra for the softer (i.e., VS = 110 m/s) surficial soils, and as much 
as 70 % lower than periods in the response spectra for the stiffer (i.e., VS = 190 m/s) 
surficial soils.  Thus, the contour map of Tsoil presented in Figure 6.8 should be 
considered as minimum estimates of periods corresponding to peaks in response spectra.   
Because most of the buildings in Charleston are less than 20 m high, the use of 
Tsoil appears to be a conservative approach for identifying areas of greater damage in 
future earthquakes.  Areas where Tbldg and Tsoil are closest should be expected to 
experience the severest damage.  
 
8.2  Recommendations for Future Work 
 Based on the results of this research, the following are tasks recommended for 
future study:  
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 1.  Additional data are needed to characterize VS for the other geologic units 
present in the greater Charleston area, but not considered in this study.  In particular, 
more testing is needed in areas where the current available investigations are sparse. 
 2.  Additional data and work are needed to refine the three-dimensional model of 
Quaternary deposits developed in Chapter 5.  A better model would be helpful in the 
development of more accurate seismic hazard maps of the Charleston peninsula. 
  3.  Additional study is needed to improve the accuracy of damping curves used in 
the non-linear formulation of DEEPSOIL.  The constitutive model employed in 
DEEPSOIL appears to over predict damping above shear strain levels of 0.1 %.   
  4.  Additional work is needed to extend the site response parametric presented in 




























SUMMARY OF DATA USED TO CONSTRUCT THE  
THREE-DIMENSIONAL MODEL OF QUATERNARY SEDIMENTS 
 
 
 A summary of data used to construct the three dimensional model of Quaternary 
sediments beneath Charleston peninsula and Drum Island is presented in this appendix.  
Summarized in Table A.1 are the Weems and Lemon (1993) boring data.  Summarized in 
Tables A.2, A.3, and A.4 are the Shear-Wave velocity (VS), the non-seismic Cone 
Penetration Test (CPT), and the Standard Penetration Test (SPT) data, respectively, 
compiled as part of this study.   The information contained in Tables A.2 and A.3 is 
described in detail in Chapter 2.  The format of the data presented is Table A.4 follows 
the same general format as the other tables.  The SPT sites with “Mod” in site code 
indicate locations where the depth to Marl was determined by averaging depths from two 
or more borings. 
 Longitudes and Latitudes were converted to the data coordinate system UTM 
Zone 17 N (NAD 1983).  This conversion was necessary for using the three-dimensional 
modeling software called RockWorks (2004).  The conversion equations are defined as 
follows for the Charleston peninsula: 
 
Latitude to Northing → Northing = 109,253.45 x (Latitude) + 45,889.93    (A.1) 
Longitude to Easting → Easting = 93,963.61 x (Longitude) + 8,110,712.39   (A.2) 
 139
where the longitude value is always negative when Equation A.2 is applied to the western 
hemisphere.  Both Northing and Easting coordinates are determined by Equations A.1 






Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
CH-2 32.7824 -79.9451 3627705 598755 2.1a 21.3 -19.2 Weems
CH-16 32.7962 -79.9339 3629205 599811 2.4a 16.8 -14.3 Weems
CH-31 32.8060 -79.9439 3630275 598871 2.4a 17.1 -14.6 Weems
CH-34 32.7907 -79.9590 3628603 597447 1.5a 14.0 -12.5 Weems
CH-40 32.8131 -79.9570 3631053 597634 1.2a 12.5 -11.3 Weems
WLUB 1 32.7712 -79.9373 3626477 599492 1.5a 22.3 -20.7 Weems
WLUB 2 32.7747 -79.9262 3626857 600542 1.5a 16.2 -14.6 Weems
WLUB 3 32.7784 -79.9268 3627262 600481 2.3a 15.4 -13.1 Weems
WLUB 4 32.7811 -79.9213 3627558 601002 0.0 15.2 -15.2 Weems
WLUB 5 32.7834 -79.9263 3627816 600530 1.5a 11.9 -10.4 Weems
WLUB 6 32.7894 -79.9242 3628468 600732 0.0 15.2 -15.2 Weems
WLUB 7 32.7908 -79.9275 3628615 600419 1.5a 20.7 -19.2 Weems
WLUB 8 32.7910 -79.9290 3628640 600272 2.1a 13.7 -11.6 Weems
WLUB 9 32.7903 -79.9307 3628560 600112 2.4a 19.8 -17.4 Weems
WLUB 10 32.7981 -79.9309 3629415 600094 1.2a 21.0 -19.8 Weems
WLUB 11 32.7966 -79.9338 3629255 599823 2.4a 25.3 -22.9 Weems
WLUB 12 32.7980 -79.9336 3629402 599842 2.4a 14.3 -11.9 Weems
WLUB 13 32.7900 -79.9362 3628529 599596 3.5a 14.2 -10.7 Weems
WLUB 14 32.7897 -79.9354 3628498 599676 3.4a 20.1 -16.8 Weems
WLUB 15 32.7846 -79.9385 3627939 599381 3.0a 24.1 -21.0 Weems







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
WLUB 16 32.7847 -79.9349 3627951 599719 3.4a 19.8 -16.5 Weems
WLUB 17 32.7823 -79.9383 3627693 599400 3.5a 21.2 -17.7 Weems
WLUB 18 32.7813 -79.9343 3627582 599774 3.7a 18.0 -14.3 Weems
WLUB 19 32.7794 -79.9314 3627379 600051 3.0a 16.5 -13.4 Weems
WLUB 22 32.7819 -79.9508 3627650 598221 1.8a 17.7 -15.8 Weems
WLUB 23 32.7845 -79.9535 3627927 597963 1.5a 17.4 -15.8 Weems
WLUB 24 32.7872 -79.9583 3628222 597509 0.8a 15.7 -14.9 Weems
WLUB 25 32.7953 -79.9639 3629107 596980 1.1a 10.2 -9.1 Weems
WLUB 26 32.7968 -79.9628 3629279 597091 3.0a 15.8 -12.8 Weems
WLUB 30 32.7923 -79.9636 3628779 597009 0.0 9.1 -9.1 Weems
WLUB D1d 32.7761 -79.9582 3627011 597525 1.5a 13.4 -11.9 Weems
WLUB D2d 32.7749 -79.9586 3626886 597482 1.5a 15.5 -14.0 Weems
WLUB D3d 32.7724 -79.9591 3626611 597439 1.5a 17.1 -15.5 Weems
WLUB D4d 32.7718 -79.9557 3626548 597760 1.5a 16.2 -14.6 Weems
WLUB D5d 32.7703 -79.9579 3626377 597546 1.5a 11.6 -10.1 Weems
WLUB D6d 32.7688 -79.9576 3626221 597582 1.5a 13.1 -11.6 Weems
WLUB D7d 32.7680 -79.9570 3626133 597639 1.5a 15.2 -13.7 Weems
WLUB D8d 32.7732 -79.9613 3626699 597225 1.5a 17.1 -15.5 Weems
WLUB D9d 32.7776 -79.9564 3627178 597694 1.5a 17.1 -15.5 Weems
WLUB D10d 32.7785 -79.9546 3627280 597862 1.5a 16.5 -14.9 Weems







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
WLUB D11d 32.7668 -79.9570 3626002 597639 1.5a 17.4 -15.8 Weems
bWLUB = Unpublished boring.  CH = Charleston auger hole.
cWeems = Weems and Lemon (1993).
  Island in Figure 5.1.
dInformation for the top of Marl also used to construct contours, but the site lies outside the boundaries of Charleston peninsula and  Drum 
   (http://www.dnr.sc.gov/ pls/gisdata/quad.qselect?pcounty=charleston&ptilename=CHARL) and GoogleEarth (http://earth.google.com/).   
Table A.1  Weems and Lemon (1993) boring data.  (Continued.) 










UTM    
(m)
Easting  
UTM   
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
1 W00363-SCPT1 32.7798 -79.9336 3627417 599841 3.4 18.0 -14.6 WPC
2 S02457-B2 32.78305 -79.93475 3627772 599733 3.7a 22.3 -18.6 S&ME
3 S03462-S1 32.78582 -79.93626 3628075 599591 3.4a 28.3 -25.0 S&ME
4 S02578-B1 32.78392 -79.94292 3627868 598962 2.7a 21.9 -19.2 S&ME
5 W03114-SC2 32.78555 -79.94553 3628046 598716 2.7a 24.4 -21.6 WPC
6 S02354-B4 32.78526 -79.94564 3628014 598706 2.7a 25.3 -22.6 S&ME
7 S01369-B2 32.784 -79.949 3627876 598389 2.1a 18.0 -15.8 S&ME
8 S01369-A5 32.784 -79.949 3627876 598389 2.1a 18.0 -15.8 S&ME
9 W01352-SC1 32.78444 -79.95570 3627924 597757 0.0 18.9 -18.9 WPC
10 W99175-SCPT1 32.7897 -79.9271 3628499 600455 1.8 24.7 -22.9 WPC
11 S02105-B2 32.78826 -79.926076 3628342 600551 2.7a 18.3 -15.5 S&ME
12 W04030-SC1 32.79243 -79.93803 3628797 599424 3.4a 17.1 -13.7 WPC
13 W02288-SC2 32.78885 -79.94272 3628406 598981 2.7a 15.5 -12.8 WPC
14 C98706-C12 32.7980 -79.9424 3629403 599015 3.0a 18.6 -15.5 PB
15 S99876-CHS20 32.79852 -79.94434 3629462 598828 4.0 19.8 -15.8 S&ME
16 USG 6 32.798 -79.958 3629405 597540 4.0a 17.0 -13.0 Odum
17 S01317-B2 32.797 -79.962 3629329 597134 3.4a 15.2 -11.9 S&ME
18 W02092-SCPTu1 32.80153 -79.93771 3629791 599454 1.5a 15.2 -13.7 WPC
19 C98706-C15 32.8043 -79.9398 3630095 599261 1.9 18.9 -17.0 PB
20 S99876-CHS26 32.80288 -79.94395 3629938 598865 1.0 16.8 -15.8 S&ME
21 S99876-CHS24 32.80401 -79.94494 3630062 598772 2.0 18.6 -16.6 S&ME











UTM    
(m)
Easting  
UTM   
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
22 C98706-C8 32.8037 -79.9460 3630032 598673 1.6 16.5 -14.9 PB
23 W02100-SCPTu1 32.80445 -79.95087 3630110 598213 3.4a 17.1 -13.7 WPC
24 S99876-CHS4 32.80911 -79.94987 3630619 598307 4.0 16.8 -12.8 S&ME
25 C98706-C4 32.8065 -79.9486 3630330 598428 3.7 21.6 -17.9 PB
26 C98706-C10 32.8005 -79.9462 3629680 598651 3.3 19.2 -15.9 PB
27 W01343-SCPT1 32.80809 -79.94247 3630508 599005 5.0 19.8 -14.8 WPC
28 C98706-C23 32.8043 -79.9228 3630088 600858 0.3 15.8 -15.6 PB
29 S99876-ML22 32.80417 -79.92551 3630079 600604 1.0 13.7 -12.7 S&ME
30 C98706-C21 32.8044 -79.9268 3630104 600485 8.8 22.3 -20.4 PB
31 S99876-ML18 32.80444 -79.92665 3630108 600497 8.6 22.6 -13.9 S&ME
32 S99876-ML16 32.80482 -79.92846 3630151 600327 8.3 22.3 -13.9 S&ME
33 S99876-ML15 32.80416 -79.92912 3630078 600264 1.0 16.2 -15.2 S&ME
bC = ConeTec; S = S&ME, Inc.; W = WPC, Inc.; USG = United States Geological Survey
cPB = Parsons Brinckerhoff (1999); WPC = WPC (1999-2004); Odum =  Odum et al. (2002); S&ME = S&ME (1999 - 2003)
a Surface elevation estimated using South Carolina Department of Natural Resources surface and digital elevation maps                                                    
   (http://www.dnr.sc.gov/ pls/gisdata/quad.qselect?pcounty=charleston&ptilename=CHARL) and GoogleEarth (http://earth.google.com/).   








Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
S99794-B1 32.77879 -79.92599 3627307 600559 4.3 16.0 -11.7 S&ME
S00217-B4 32.8023 -79.9507 3629875 598228 3.4a 19.2 -15.8 S&ME
S00219-B1 32.7845 -79.9499 3627931 598304 2.1a 18.4 -16.3 S&ME
S01033-CPT1 32.7931 -79.9412 3628870 599125 3.4a 17.4 -14.0 S&ME
S01071-B1 32.79965 -79.93067 3629586 600118 0.0 16.8 -16.8 S&ME
S01317-B1 32.7973 -79.9623 3629329 597134 3.4a 15.2 -11.9 S&ME
S01357-B2 32.7905 -79.9549 3628586 597832 3.0a 14.5 -11.4 S&ME
S01402-S1 32.7861 -79.9365 3628106 599568 3.4a 21.0 -17.7 S&ME
S01420-S1 32.79 -79.96 3628532 597351 1.5a 13.7 -12.2 S&ME
S01474-B200d 32.77318 -79.96393 3626695 596981 1.5 14.0 -12.5 S&ME
S01474-B500d 32.77362 -79.96393 3626742 596981 1.5 14.0 -12.5 S&ME
S01627-S1 32.8015 -79.9439 3629788 598870 3.0a 18.7 -15.7 S&ME
S02118-B1 32.79389 -79.94687 3628956 598590 2.7 21.0 -18.3 S&ME
S02441-B1 32.77386 -79.93712 3626769 599509 3.7 23.6 -20.0 S&ME
S02629-CPT1 32.81255 -79.96146 3630995 597214 1.2 25.3 -24.1 S&ME
S03590-C1 32.78702 -79.94579 3628206 598692 3.4 23.2 -19.8 S&ME
S03593-CPT1 32.78616 -79.94369 3628112 598890 3.4 21.3 -17.9 S&ME
S04015-C1 32.78022 -79.92586 3627463 600571 2.1 16.8 -14.6 S&ME
S041044-G15 32.77643 -79.93202 3627049 599990 5.5 18.0 -12.5 S&ME
S041060-C2 32.78749 -79.95053 3628257 598245 2.7 19.2 -16.5 S&ME
S04262-C1 32.7824 -79.9354 3627701 599672 6.1 21.5 -15.4 S&ME







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
S04894-C1 32.80071 -79.94842 3629701 598444 2.1 16.2 -14.0 S&ME
S04902-CPT1 32.79050 -79.92811 3628586 600359 3.7 25.0 -21.3 S&ME
S04952-B1 32.78959 -79.92950 3628487 600228 3.0 22.9 -19.8 S&ME
S05332-CPT1 32.77950 -79.93049 3627385 600135 5.2 15.7 -10.5 S&ME
W01059-CPT2 32.8028 -79.9509 3629930 598210 3.4a 15.8 -12.5 WPC
W01082-CPT1 32.7853 -79.9531 3628018 598002 1.8a 19.1 -17.2 WPC
W01194-CPT2 32.7718 -79.9352 3626544 599690 2.4a 23.2 -20.7 WPC
W02054-C1 32.7879 -79.9319 3628302 600002 2.7a 17.1 -14.3 WPC
W04312-C1 32.78159 -79.95110 3627613 598191 3.0 14.8 -11.7 WPC
W04321-C1 32.77908 -79.93884 3627339 599347 4.9 21.9 -17.1 WPC
W04355-SC1 32.78240 -79.95525 3627701 597799 1.2 16.5 -15.2 WPC
W04470-CPT1 32.78958 -79.93998 3628486 599240 4.3 17.1 -12.8 WPC
C98706-C1 32.8110 -79.9512 3630825 598184 4.6 20.7 -16.2 PB
 C98706-C2 32.8095 -79.9500 3630659 598290 4.0 16.8 -12.8 PB
 C98706-C3 32.8078 -79.9494 3630475 598347 3.7 19.8 -16.2 PB
 C98706-C5 32.8045 -79.9483 3630119 598456 3.5 17.4 -13.9 PB
 C98706-C6 32.8045 -79.9476 3630116 598522 3.4 19.8 -16.5 PB
 C98706-C7 32.8031 -79.9472 3629968 598558 2.7 17.7 -14.9 PB
 C98706-C9 32.8020 -79.9469 3629842 598588 2.4 17.4 -14.9 PB
 C98706-C11 32.7992 -79.9450 3629533 598770 3.0 19.8 -16.8 PB
 C98706-C13 32.8041 -79.9437 3630068 598887 1.2 17.1 -15.8 PB
 C98706-C17 32.8055 -79.9351 3630229 599704 0.9 22.6 -21.6 PB








Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
 C98706-C20 32.8047 -79.9287 3630136 600299 4.3 25.3 -21.0 PB
 C98706-C22 32.8041 -79.9250 3630068 600655 4.3 20.1 -15.8 PB
Table A.3  Non-seismic Cone Penetration Test data.  (Continued.)
a Surface elevation estimated using South Carolina Department of Natural Resources surface and digital elevation maps                                           
  Island in Figure 5.1.
dInformation for the top of Marl also used to construct contours, but the site lies outside the boundaries of Charleston peninsula and  Drum 
   (http://www.dnr.sc.gov/ pls/gisdata/quad.qselect?pcounty=charleston&ptilename=CHARL) and GoogleEarth (http://earth.google.com/).   
bS = S&ME, Inc.; W = WPC, Inc.; C = ConeTec.







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
Mod-1 32.7795 -79.9326 3627384 599940 3.4a 18.6 -15.2 Chapman
Mod-2 32.7795 -79.9319 3627388 600004 3.4a 18.0 -14.6 Chapman
Mod-3 32.7794 -79.9309 3627370 600095 3.4a 16.5 -13.1 Chapman
Mod-4 32.7787 -79.9316 3627301 600027 3.4a 16.8 -13.4 Chapman
Mod-5 32.7787 -79.9322 3627301 599978 3.4a 16.8 -13.4 Chapman
Mod-6 32.7786 -79.9326 3627289 599940 3.4a 18.3 -14.9 Chapman
Mod-7 32.7812 -79.9345 3627567 599754 3.4a 17.4 -14.0 Chapman
Mod-8 32.7822 -79.9355 3627680 599664 3.4a 22.3 -18.9 Chapman
Mod-9 32.7826 -79.9367 3627719 599549 3.4a 20.7 -17.4 Chapman
Mod-10 32.7850 -79.9337 3627985 599831 3.4a 20.7 -17.4 Chapman
Mod-11 32.7849 -79.9340 3627980 599808 3.4a 22.3 -18.9 Chapman
Mod-12 32.7852 -79.9344 3628003 599770 3.4a 23.9 -20.5 Chapman
Mod-13 32.7876 -79.9346 3628270 599744 3.4a 24.2 -20.9 Chapman
Mod-14 32.7890 -79.9357 3628422 599639 3.4a 17.7 -14.3 Chapman
Mod-15 32.7893 -79.9351 3628459 599696 3.4a 20.3 -16.9 Chapman
Mod-16 32.7899 -79.9357 3628516 599642 3.4a 17.7 -14.3 Chapman
Mod-17 32.7894 -79.9361 3628469 599610 3.4a 14.6 -11.3 Chapman
Mod-18 32.7877 -79.9402 3628281 599222 3.4a 14.9 -11.6 Chapman
Mod-19 32.7856 -79.9378 3628047 599444 3.4a 25.0 -21.6 Chapman
Mod-20 32.7848 -79.9391 3627968 599323 3.4a 23.8 -20.4 Chapman







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
Mod-21 32.7847 -79.9395 3627952 599286 3.4a 23.8 -20.4 Chapman
Mod-22 32.7846 -79.9383 3627943 599400 3.4a 21.9 -18.6 Chapman
Mod-23 32.7843 -79.9381 3627912 599414 3.4a 23.8 -20.4 Chapman
Mod-24 32.7845 -79.9448 3627927 598781 2.4a 23.9 -21.5 Chapman
Mod-25 32.7840 -79.9468 3627881 598600 2.4a 24.4 -21.9 Chapman
Mod-26 32.7836 -79.9454 3627828 598725 2.4a 22.9 -20.4 Chapman
Mod 27 32.7772 -79.9459 3627130 598679 1.5a 19.0 -17.5 Chapman
Mod 28 32.7769 -79.9464 3627103 598630 1.5a 19.5 -18.0 Chapman
Mod 29 32.7765 -79.9465 3627052 598624 1.5a 16.9 -15.4 Chapman
Mod 30 32.7765 -79.9459 3627062 598680 1.5a 19.2 -17.7 Chapman
Mod 31 32.7835 -79.9268 3627825 600487 2.1a 14.3 -12.2 Chapman
Mod 32 32.7830 -79.9271 3627770 600458 2.1a 15.8 -13.7 Chapman
Mod 33 32.7796 -79.9261 3627396 600548 2.1a 17.0 -14.8 Chapman
Mod 34 32.7792 -79.9261 3627354 600549 2.1a 16.5 -14.3 Chapman
Mod 35 32.7766 -79.9265 3627063 600511 3.0a 16.5 -13.4 Chapman
Mod 36 32.7805 -79.9517 3627497 598134 1.5a 14.9 -13.4 Chapman
Mod 37 32.7823 -79.9517 3627695 598137 1.5a 19.5 -18.0 Chapman
Mod 38 32.7847 -79.9503 3627951 598268 2.4a 18.0 -15.5 Chapman
Mod 39 32.7858 -79.9505 3628070 598248 2.4a 19.2 -16.8 Chapman
Mod 40 32.7876 -79.9574 3628269 597597 1.8a 15.0 -13.2 Chapman







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
Mod 41 32.7873 -79.9576 3628241 597578 1.8a 15.2 -13.4 Chapman
Mod 42 32.7957 -79.9584 3629157 597500 3.4a 16.5 -13.1 Chapman
Mod 43 32.7973 -79.9637 3629330 597001 3.4a 18.4 -15.0 Chapman
Mod 44 32.8125 -79.9623 3630988 597131 1.2a 10.3 -9.1 Chapman
Mod 45 32.8124 -79.9510 3630976 598200 3.7a 19.2 -15.5 Chapman
Mod 46 32.8068 -79.9433 3630365 598928 2.1a 18.9 -16.8 Chapman
Mod 47 32.8062 -79.9429 3630303 598962 2.1a 18.9 -16.8 Chapman
Mod 48 32.8058 -79.9439 3630262 598875 2.1a 17.1 -14.9 Chapman
S81-8125-B1 32.7857 -79.9567 3628016 597695 0.9 16.8 -15.8 S&ME
S82021-B1 32.8028 -79.9421 3629926 599050 2.7 16.2 -13.4 S&ME
S82035-B1 32.7797 -79.9273 3627374 600454 6.4 16.6 -10.2 S&ME
S82077-B1 32.7985 -79.9348 3629446 599731 3.0 13.0 -9.9 S&ME
S83021-B1 32.7792 -79.9271 3627320 600479 6.7 16.2 -9.4 S&ME
S83025-B1 32.7759 -79.9313 3626951 600088 6.1 17.5 -11.4 S&ME
S83025A-B5 32.7759 -79.9313 3626951 600088 6.1 17.4 -11.3 S&ME
S84092-B1 32.7836 -79.9429 3627791 598993 4.0 22.6 -18.7 S&ME
S84095-B1 32.7850 -79.9551 3627939 597848 0.9 19.0 -18.1 S&ME
S87141-B1 32.8033 -79.9419 3629971 599065 2.7 18.9 -16.2 S&ME
S87251-B1 32.7796 -79.9280 3627361 600389 6.4 15.8 -9.4 S&ME
S88127-B1 32.7764 -79.9319 3627008 600035 2.1 14.0 -11.9 S&ME
S88217-B1 32.7836 -79.9436 3627789 598927 3.0 20.7 -17.7 S&ME
S89543-BW1 32.7806 -79.9294 3627473 600257 4.6 14.6 -10.1 S&ME







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
S91379-BW1 32.7842 -79.9460 3627779 598137 3.4 19.2 -15.8 S&ME
S92162-B1 32.7704 -79.9380 3626332 599468 2.1 19.5 -17.4 S&ME
S92429-B1 32.7782 -79.9325 3627202 599976 4.9 18.0 -13.1 S&ME
S92476-B1 32.7888 -79.9302 3628380 600178 3.0 27.2 -24.2 S&ME
S92648-B1 32.7908 -79.9376 3628598 599477 4.3 14.7 -10.5 S&ME
S93333-B1 32.7872 -79.9383 3628191 599423 4.6 19.9 -15.3 S&ME
S94186-B1 32.7862 -79.9370 3628089 599540 4.6 27.4 -22.9 S&ME
S96107-B1 32.7822 -79.9298 3627646 600222 4.3 14.3 -10.1 S&ME
S96288-B3 32.7764 -79.9310 3627008 600113 6.4 17.6 -11.2 S&ME
S96585-B4 32.8011 -79.9492 3629727 598380 2.1 17.7 -15.5 S&ME
S97175-B1 32.7979 -79.9615 3629361 597236 2.1 16.3 -14.2 S&ME
S97290-GT2 32.7898 -79.9283 3628490 600352 3.0 24.2 -21.2 S&ME
S97564-A1 32.7804 -79.9356 3627441 599681 4.3 24.2 -20.0 S&ME
S98574-B3 32.7908 -79.9266 3628605 600510 4.3 25.5 -21.2 S&ME
S98659-B2 32.7761 -79.9264 3626972 600544 5.2 15.4 -10.2 S&ME
S99657-B3 32.7804 -79.9284 3627450 600356 4.9 15.0 -10.1 S&ME
S99698-B4 32.7873 -79.9376 3628209 599483 4.6 18.7 -14.1 S&ME
S99794A-B1 32.7788 -79.9260 3627274 600582 4.3 16.0 -11.7 S&ME
S99887-B1 32.7874 -79.9505 3628207 598278 2.7 20.9 -18.1 S&ME
SPT-001 32.7731 -79.9440 3626686 598860 1.5 17.7 -16.2 Chapman
SPT-002 32.7736 -79.9433 3626740 598926 1.5 17.7 -16.2 Chapman
SPT-005 32.7756 -79.9433 3626959 598926 1.8 19.4 -17.5 Chapman
SPT-006 32.7745 -79.9399 3626839 599247 1.8 22.3 -20.4 Chapman
SPT-015 32.7699 -79.9340 3626336 599804 1.5 22.6 -21.0 Chapman







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
SPT-016 32.7695 -79.9340 3626292 599804 1.5 22.6 -21.0 Chapman
SPT-022 32.7732 -79.9267 3626697 600492 1.5 11.1 -9.6 Chapman
SPT-025 32.7784 -79.9260 3627265 600558 2.7 14.9 -12.2 Chapman
SPT-026 32.7750 -79.9266 3626893 600502 2.7 16.5 -13.7 Chapman
SPT-036 32.7795 -79.9305 3627385 600134 3.0 17.7 -14.6 Chapman
SPT-045 32.7843 -79.9293 3627909 600247 3.0 16.4 -13.4 Chapman
SPT-046 32.7843 -79.9298 3627909 600200 3.0 20.0 -16.9 Chapman
SPT-056 32.7813 -79.9263 3627581 600530 2.4 16.3 -13.9 Chapman
SPT-057 32.7821 -79.9276 3627669 600407 2.4 16.3 -13.9 Chapman
SPT-058 32.7826 -79.9262 3627723 600539 2.4 15.8 -13.4 Chapman
SPT-090 32.7769 -79.9455 3627101 598719 1.5 19.2 -17.7 Chapman
SPT-098 32.7803 -79.9513 3627472 598172 1.5 17.8 -16.3 Chapman
SPT-110 32.7816 -79.9347 3627614 599738 3.7 20.7 -17.1 Chapman
SPT-111 32.7815 -79.9352 3627603 599690 3.7 19.2 -15.5 Chapman
SPT-123 32.7855 -79.9340 3628040 599804 3.4 20.7 -17.4 Chapman
SPT-134 32.7839 -79.9470 3627865 598577 2.1 22.4 -20.3 Chapman
SPT-135 32.7836 -79.9460 3627833 598672 2.1 23.9 -21.8 Chapman
SPT-136 32.7834 -79.9460 3627811 598672 2.1 22.4 -20.3 Chapman
SPT-137 32.7830 -79.9451 3627767 598757 2.1 22.4 -20.3 Chapman
SPT-141 32.7836 -79.9445 3627833 598813 2.1 22.3 -20.1 Chapman
SPT-145 32.7842 -79.9444 3627898 598823 2.1 20.7 -18.6 Chapman
SPT-151 32.7840 -79.9551 3627876 597813 1.5 19.2 -17.7 Chapman
SPT-155 32.7851 -79.9507 3627998 598229 2.4 17.7 -15.2 Chapman
SPT-156 32.7824 -79.9506 3627701 598238 1.5 17.7 -16.2 Chapman







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
SPT-157 32.7824 -79.9502 3627701 598276 1.5 19.2 -17.7 Chapman
SPT-179 32.7850 -79.9391 3627985 599323 3.7 25.6 -21.9 Chapman
SPT-201 32.7897 -79.9355 3628499 599662 3.4 14.5 -11.1 Chapman
SPT-203 32.7898 -79.9353 3628510 599681 3.4 14.6 -11.3 Chapman
SPT-207 32.7864 -79.9385 3628138 599379 3.7 23.8 -20.1 Chapman
SPT-248 32.8011 -79.9319 3629744 600002 1.5 19.5 -18.0 Chapman
SPT-249 32.8005 -79.9323 3629678 599964 1.5 18.0 -16.5 Chapman
SPT-250 32.7986 -79.9312 3629471 600068 1.5 18.0 -16.5 Chapman
SPT-252 32.7932 -79.9340 3628881 599804 3.0 14.6 -11.6 Chapman
SPT-253 32.7933 -79.9339 3628892 599813 3.0 11.6 -8.5 Chapman
SPT-261 32.7933 -79.9355 3628892 599662 3.0 13.1 -10.1 Chapman
SPT-310 32.7925 -79.9566 3628805 597672 3.0 14.9 -11.9 Chapman
SPT-311 32.7934 -79.9570 3628903 597634 3.0 16.5 -13.4 Chapman
SPT-312 32.7929 -79.9556 3628848 597766 3.0 14.9 -11.9 Chapman
SPT-313 32.7939 -79.9560 3628958 597729 3.0 16.5 -13.4 Chapman
SPT-314 32.8031 -79.9507 3629962 598228 3.7 16.2 -12.5 Chapman
SPT-332 32.8116 -79.9387 3630891 599360 1.2 7.2 -6.0 Chapman
SPT-340 32.8057 -79.9423 3630246 599021 3.0 16.3 -13.3 Chapman
SPT-355 32.7873 -79.9253 3628237 600624 1.5 19.1 -17.6 Chapman
SPT-362 32.8066 -79.9429 3630345 598964 3.0 17.8 -14.8 Chapman
SPT-378 32.8128 -79.9607 3631022 597285 1.5 17.7 -16.2 Chapman
PB99-LB1 32.8103 -79.9504 3630751 598253 4.0 16.8 -12.8 PB
PB99-LB2 32.8087 -79.9497 3630569 598320 3.6 18.3 -14.7 PB







Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
PB99-LB3 32.8070 -79.9492 3630385 598369 3.7 20.4 -16.7 PB
PB99-LB4 32.8057 -79.9487 3630243 598421 3.8 16.8 -13.0 PB
PB99-LB5 32.8053 -79.9481 3630206 598475 3.5 19.8 -16.3 PB
PB99-LB6 32.8038 -79.9481 3630034 598471 3.6 21.3 -17.8 PB
PB99-LB7 32.8040 -79.9468 3630065 598597 1.9 16.8 -14.9 PB
PB99-LB8 32.8025 -79.9475 3629896 598526 2.1 18.3 -16.2 PB
PB99-LB9A 32.8029 -79.9458 3629945 598688 1.6 16.8 -15.2 PB
PB99-LB10 32.8014 -79.9464 3629777 598633 2.5 19.8 -15.8 PB
PB99-LB11 32.8000 -79.9449 3629629 598775 2.0 18.3 -16.2 PB
PB99-LB12 32.7989 -79.9438 3629505 598884 3.7 18.9 -15.2 PB
PB99-LB13 32.7981 -79.9440 3629412 598864 3.8 19.8 -16.0 PB
PB99-LB14 32.7971 -79.9449 3629310 598772 3.9 19.8 -15.9 PB
PB99-LB15 32.7985 -79.9398 3629463 599258 2.3 19.8 -17.6 PB
PB99-LB16 32.8036 -79.9450 3630017 598768 1.6 16.8 -15.2 PB
PB99-LB17 32.8032 -79.9436 3629971 598902 1.6 17.1 -15.5 PB
PB99-LB18 32.8038 -79.9427 3630042 598978 1.7 18.3 -16.6 PB
PB99-LB19 32.8043 -79.9417 3630095 599080 1.5 17.1 -15.6 PB
PB99-LB20 32.8042 -79.9405 3630085 599186 1.9 19.8 17.9 PB
PB99-LB21 32.8046 -79.9378 3630126 599446 0.7 13.7 -13.0 PB
PB99-LB22 32.8053 -79.9360 3630201 599619 0.5 12.8 -12.3 PB
PB99-LB23 32.8045 -79.9277 3630110 600400 5.5 19.8 -14.3 PB
PB99-LB24 32.8039 -79.9256 3630050 600598 0.9 12.5 11.6 PB
PB99-LB25 32.8040 -79.9238 3630061 600769 1.1 16.8 -15.6 PB








Northing   
UTM     
(m)
Easting    
UTM     
(m)
Ground Surface 
Elevation      
(m)
Top of Marl 
Depth      
(m)
Top of Marl 
Elevation   
(m) Sourcec
WB3 32.8036 -79.9211 3630022 601024 0.0 15.3 -15.3 PB
WB6 32.8024 -79.9127 3629888 601809 0.0 16.2 -16.2 PB
a Surface elevation estimated using South Carolina Department of Natural Resources surface and digital elevation maps                                    
   (http://www.dnr.sc.gov/ pls/gisdata/quad.qselect?pcounty=charleston&ptilename=CHARL) and GoogleEarth (http://earth.google.com/).   
bS = S&ME, Inc.; PB = Parsons Brinckerhoff.
cChapman = Chapman et al. (2003); PB = Parsons Brinckerhoff (1999); WPC = WPC (1999-2004).







EXPLANATION OF SELECTED PRINCIPLES OF  
SOIL DYNAMICS AND EARTHQUAKE ENGINEERING 
 
 The purpose of this appendix is to explain selected principles of soil dynamics 
and earthquake engineering.  The selected principles are:  fundamental period, equivalent 
linear analytical formulation, nonlinear analytical formulation, Fourier amplitude ratio 
spectrum, and response spectrum.  These principles are applied throughout the 
dissertation.  They are explained in this appendix to provide the unfamiliar reader with a 
more basic understanding of ground response analysis. 
 
B.1  Fundamental Period 
Fundamental period of vibration is an engineering characteristic of both buildings 
and soil deposits.  Period is defined as the duration of one cycle of a periodic motion.  For 
a single-degree-of-freedom (SDOF) structure, the fundamental period, To, is defined as 
(Kramer 1996):  
To = 2π km /                             (B.1) 
where m is the rigid mass, and k is the spring stiffness.  Equation B.1 indicates that the 
fundamental period of SDOF structures depends on mass and stiffness. 
For most buildings, which are complex multi-degree of freedom structures, the 
International Code Council (ICC 2000) allows the fundamental period to be estimated by:  
Tbldg = CThn0.75       (B.2)  
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where Tbldg is the approximate fundamental period of the building, CT is a building type 
coefficient equal to 0.049 for unreinforced brick and/or wood buildings, and hn is the 
height of the building in meters. 
 Soil deposits are also complex multi-degree of freedom systems.  The 
fundamental period of the simplest soil deposit over hard rock, Tsoil, is determined by 
(Kramer 1996): 
Tsoil = 4H/VS                                                      (B.3) 
where H is the thickness of the soil deposit, and VS is the shear-wave velocity of the soil 
deposit.  It should be noted that fundamental period refers to the 1st natural period of the 
soil deposit (or building).  For all natural modes of the simple soil deposit, the nth natural 
period is given by (Kramer 1996):  






            n = 0, 1, 2, …, ∞     (B.4) 
Shown in Figure B.1 are the normalized mode (or displacement) shapes for the 
first three natural periods of a simple soil deposit.  Displacements are all in phase in the 
1st mode.  At higher modes, parts of the soil deposit are out of phase, moving in opposite 
directions.  Because the displacements are much greater in the first mode, it is referred to 
as the fundamental or characteristic period. 
 
B.2  Equivalent Linear vs. Nonlinear Analytical Formulation 
One key difference between the various computer programs used for ground 
response analysis is the assumed model of cyclic soil behavior.  Shown in Figures B.2(a) 
– B.2(c) are three general stress-strain models of material behavior.  In Figure B.2(a) 
linear-elastic behavior is illustrated.  This relationship is characterized by a straight line 
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where strains are fully recovered on unloading, i.e. there is no hysteresis.  The slope of 
the stress-strain curve is the elastic material property (Kramer 1996). 
Nonlinear elastic behavior is illustrated in Figure B.2(b).  As explained by Kramer 
(1996), the strain will always return to zero after cyclic loading in nonlinear elastic 
behavior.  The curve shown in the figure is often referred to as the backbone stress-strain 
curve.  Nonlinear elastic behavior is implemented in a computer routine by first assuming 
an elastic modulus, second computing strains based on the assumed modulus, and third 
calculating a new modulus using the computed strains and the backbone curve.  The 
process is repeated until the calculated modulus equals the assumed modulus.  This 
process is commonly referred to as equivalent linear analytical formulation. A major 
limitation of equivalent linear formulation is that it can not be applied directly to 
problems involving permanent deformation or failure.   
Nonlinear inelastic behavior is illustrated in Figure B.2(c).  The major advantage 
of nonlinear inelastic formulations is that permanent deformations can be modeled.  
Implementation of a nonlinear inelastic behavior model typically involves using the 
backbone curve and assuming rules for unloading and reloading, such as the Masing 
model (Masing 1926), the Iwan model (Iwan 1967), and the Cundall-Pyke model (Pyke 
1979).  This approach is commonly called nonlinear analytical formulation.  It should be 
noted that the different assumed unloading and reloading rules can lead to significant 
differences in the results of nonlinear ground response analysis. 
Program SHAKE (Schnabel 1972) is based on the equivalent linear formulation.  
Program DEEPSOIL (Hashash and Park 2002; Park and Hashash 2004; Hashash 2005) 
also allows the user to select an equivalent linear formulation or a nonlinear formulation.  
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The nonlinear formulation in DEEPSOIL uses the backbone curve for initial stress-strain 
behavior and then follows the Masing criteria.  The resulting unloading and reloading is 
the cause for hysteresis loops to be developed.   
  
B.3  Fourier Amplitude Ratio Spectrum 
 Fourier analysis is a mathematical operation that resolves a time series (for 
example, a recording of ground motion) into a series of numbers that characterize the 
relative amplitude and phase components of the signal as a function of period or 
frequency.  Frequency, f, is inversely related to period, T, as expressed by 
      f = 1/T                   (B.5)  
A Fourier spectrum is the relative amplitudes (and phase angles) at different frequencies 
that are derived from a time history by Fourier analysis.  Usually the relative amplitudes 
are expressed as the amplitude of the free surface motion divided by the amplitude of the 
rock outcropping motion.  A graphical explanation for these general locations of motions 
is presented in Figure B.3.  The Fourier amplitude spectrum for a ground motion shows 
how the amplitude of the motion is distributed with respect to frequency (Kramer 1996).  
 The Fourier amplitude ratio spectrum is used to identify natural period or 
frequencies where amplification occurs.  The peak at the lowest frequency corresponds to 
the 1st mode vibration of the layers.  Presented in Figure B.4 is an example of a Fourier 
amplitude ratio spectrum for a steady state response of damped, linear elastic layer.  
Spectrums for three variations of damping are shown in the figure.  It can be seen that 
damping is a significant controlling factor on amplification factor for the lower 
frequencies.   
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B.4  Response Spectrum 
The response spectrum describes the maximum response of SDOF systems with 
different natural periods to a particular input motion (Kramer 1996).  Presented in Figure 
B.5 is a graphical explanation of a response spectrum.  Typically, the SDOF systems are 
assumed to all have a damping ratio of 5 %.   
The concept of the response spectrum is used in building codes and the design of 
essential and critical structures.  These curves are used by engineers to estimate the 





































Figure B.1  Shapes of the first three natural periods of a simple soil deposit  
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Figure B.4  Influence of frequency on steady-state response of damped, linear elastic 
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